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ABSTRACT 


This  report  contains  the  results  of  two  explosive  test  series: 
(l)  The  Scaled  Explosive  Bay  Test  Series  whose  purpose  was  to  vali¬ 
date  the  "Scaling  Lavs"  as  applied  to  model  bays  and  (2)  The  Ultlaate 
Capacity  Bay  Test  Series  whose  purpose  was  to  determine  the  altinate 
explosive  resistance  of  a  given  exjd.osive  bay  configuration. 

The  results  of  these  tests  indicated  that  scale  models  say  be 
used  to  evaluate  the  blast-resistant  capabilities  of  a  laced  rein¬ 
forced  concrete  cubicle-type  structure  and  that  the  total  explosive 
capacity  of  the  tested  structure  (at  incipient  failure)  is  at  least 
equal  to  7,500  lbs.  of  high  explosives 

The  Explosive  Bay  Test  Series  was  carried  out  under  tbs  super¬ 
vision  of  the  Ammunition  Engineering  Directorate's  Process  Engineering 
Laboratory  with  technical  assistance  relating  to  structural  design  and 
testing  provided  by  Amaatrc  l»  Whitney  of  Rev  York,  New  York. 


The  smaller  models  (1/10  and  1/8  scale)  were  fabricated  at  th^ 
Civil  Engineering  Laboratories,  Columbia  University,  and  Ohio  River 
Division  laboratories,  Cincinnati,  Ohio  and  tested  at  Picatlnny  Arsenal. 
The  1/3  and  l/Z  scale  models  were  built  and  tested  by  the  Arthur  D. 
Little  Corporation  at  its  Keene,  lew  Hampshire  test  facility  and  the 
full  scale  structure  was  constructed  and  tested  at  the  U.S.  Naval 
Weapons  Center,  China  Lake,  California. 
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DAMAGE  CLASS IFICATIOH 


In  this  report  relating  to  results  of  structural  damage ,  certain 
terms  will  be  used  to  describe  the  degree  of  damage  to  a  reinforced 
concrete  wall.  Definitions  of  these  terms  are: 

Incipient  Failure  -  on  the  verge  of  collapse 

Partial  Failure  -  breaking  of  concrete  into  two  or  more  sections  chut 

do  not  disengage  from  each  other  as  a  result  of  either 
failure  of  the  tension  reinforcement  and/or  shear 
failure  in  the  concrete 

Total  Failure  -  failed  sections  of  the  element  ere  disengaged  and/or 
complete  disengagement  of  the  concrete  from  the  rein¬ 
forcement  occurred 

Heavy  Damage  -  element  is  at  or  near  incipient  failure 

Medium  Damage  -  j.arge  cracking  (no  reinforcement  failure),  local 
crushing,  surface  pitting 

Light  Damage  -  minimum  damage,  hairline  or  slightly  larger  cracks 

In  composite  wall  construction,  the  classification  of  the  over¬ 
all  damage  to  the  element  is  based  on  the  damage  sustained  by  the  re¬ 
ceiver  panel. 
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SUttiAHY 


The  Explosive  Bay  Test  Series  was  conducted  to  establish  "scaling 
factors "  that  would  relate  the  test  results  of  model  cubicle  structures 
tc  the  full  scale  structure,  and  to  evaluate  the  blast  resistance  of 
specific  cubicle  arrangements  that  might  be  used  in  the  processing  of 
explosive  -aterials. 

Twenty  tests  were  conducted  on  eight  structures,  distributed  in 
the  following  manner:  three  on  the  1/10  scale,  four  on  the  1/8  scale, 
three  on  the  1/5  scale,  ♦hree  on  the  1/3  scale  add  four  on  the  full  scale 
structure.  The  remain!:  three  tests  consisted  or  single  tests  on  three 
different  model  bay  structures  (one  1/10  and  two  lY8  scale).  The  three 
latter  tests  were  performed  separately  from  the  scaling  'series “tests 
and  were  primarily  conducted  to  evaluate  the  ultimate^  capacity  of  the 
structure  and/or  compare  the  use  of  composite  'construction  with  that 
of  plain  reinforced  concrete. 

The  charges  were  either  single  spheres  or  -4  cluster  of  spheres  of 
Composition  B,  However,  because  of  the  large  quantities  of  explosives 
involved,  boxes  of  TNT  were  used  in  the  last  two  rounds  of  the  full 
scale  test.  The  charge  weights  used  were  2,000,  3,000,  5,000,  7,500 
and  10,000  lbs.  or  their  scaled  equivalents.  These  charges  were  placed 
in  •''he  geometric  center  of  each  cubicle.  Each  structure  of  the  scaling 
series  was  successively  tested  three  or  four  times  with  increasing  HE 
charges  until  the  point  of  incipient  failure  or  toted  destruction 
occurred.  Three  exceptions  to  this  were  the  ultimate  capacity  structure 
tests  where  a  single  shot  equivalent  to  10,000  lbs.  was  fired  in  the  1/10 
scale  structure  while  the  explosive  weight  in  each  1/8  scale  model  was 
equivalent  to  7,500  lbs. 

All  the  bays  tested  had  walls  of  composite-type  construction 
(conerete-sand-concrete)  except  for  one  1/8  scale  model  which  utilised 
plain  reinforced  concrete.  The  concrete  walls  of  both  types  of  con¬ 
struction  used  laced  reinforcement.  The  interior  cell  dimensions  of 
the  prototype  structure  were  40  feet  long  by  20  feet  wide  by  10  feet 
high.  It  had  no  roof  and  was  open  at  one  side. 

The  first  round  (2,000  lbs.)  in  the  seeding  test  series  produced 
light  cracking  in  the  1/10,  1/8  and  1/5  scale  models  and  hairline  cracks 
in  the  1/3  and  full  scale  models.  The  damage  sustained  in  tne  second 
round  (3,000  lbs.)  consisted  of  heavy  cracking  of  the  1/10  scale  model, 
medium  cracking  of  the  1/5  scale  model  and  minor  cracking  of  the  re¬ 
mainder  of  the  models.  The  third  round  (5,000  lbs)  caused  partial 
destruction  of  the  1/10  scale  model,  medium  damage  to  the  1/8  scale 
model,  incipient  failure  of  the  1/5  scale  model  and  minor  cracking  of 
the  1/3  and  full  scale  structures.  Partial  destruction  was  sustained 
by  both  the  1/8  and  full  scale  structures  in  the  fourth  series  of  tests. 
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In  the  Ultimate  Capacity  Teats,  the  10,000  pound  equivalent  charge 
in  the  1/10  scale  model  produced  complete  destruction  of  the  back  wall 
while  the  side  walls  cracked  and  sheared  at  their  supports.  A  7»500 
lb.  equivalent  charge  caused  incipient  failure  of  the  1/8  scale  composite- 
type  model.  However,  when  the  1/8  scale  plain  reinforced  concrete  model 
was  tested  with  an  equivalent  charge  of  7,500  lbs.,  the  damage  sustained 
was  less  than  incipient  failure.  No  reinforcement  failure  occurred  in 
either  test  of  the  1/8  scale  model.  In  general,  the  bay  successfully 
withstood  the  blast  effects  of  detonations  up  to  7,500  lbs.  of  HE  as 
evidenced  by  a  single  shot  test  with  the  1/8  scale  composite  and  plain 
wall  construction. 

The  instrumentation  used  in  the  bay  structure  tests  consisted  of 
photographic  coverage,  deflection  gages  and  pressure  gages.  All  the 
instruments  were  not  used  in  any  one  test. 
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CONCLUSIONS 


The  Scaled  Bay  Tesc  Series  proved  that  the  so-called  "Geometrical 
Scaling"  lavs  are  applicable  and  that  scaled  models  can  be  used  to 
simulate  full  scale  response  tests  of  laced  reinforced  concrete  cubicle 
structures.  Although  test  results  show  that  models  as  small  as  1/10 
scale  may  be  used  to  obtain  a  reasonable  estimate  of  the  blast -resistant 
capabilities  of  a  full  scale  cubicle,  it  was  found  that  the  use  of  l/b 
scale  and  larger  models  will  usually  be  more  practical  for  testing  and 
construction  purposes  and  will  not  significantly  increase  the  test  costs. 

The  results  of  this  test  series  indicated  that  the  test  stucture, 
originally  designed  to  withstand  the  blast  effects  of  2,000  lb*,  of  TIT, 
had  an  explosive  storage  capacity  in  the  order  of  7,500  lbs.  of  TNT. 

The  most  satisfactory  measurements  of  the  structural  motions  vere 
recorded  by  the  deflection  gar»s.  These  measurements  included  a  deflection¬ 
time  history  of  the  vail  movements  and  indicated  the  maximum  deflection  which 
a  vail  could  attain  under  given  applied  blast. loads.  Also,  measurements  vere 
made  of  the  overall  movement  of  the  test  structure  due  to  sliding.  Although 
damage  to  the  individual  structures  differed  somewhat  after  each  round  of 
tests,  the  differences  after  the  first  two  rounds  of  tests  are  not  attri¬ 
buted  entirely  to  scaling  factors  themselves.  These  differences  could 
be  directly  related  to  variations  which  existed  in  construction  methods, 
materials  and/or  test  site  conditions. 
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SECTION  I 


INTRODUCTION 


1-1  Background 

During  the  last  several  years,  Picatinny  Arsenal,  as  part  of  its 
Supporting  Studies  Program,  has  been  carrying  out  an  overall  experi¬ 
mental  and  analytical  program  to  establish  safety  criteria  for  the 
design  of  protective  structures  used  in  high  explosive  processing  and 
storage  facilities.  This  program  was  funded  by  the  Armed  Services 
Explosives  Safety  Board.  The  firm  of  Amnann  &  Whitney  provided  technical 
assistance  on  structural  and  other  aspects  of  the  program. 

Because  full  scale  testing  in  connection  with  the  above  program 
would  have  been  prohibitively  expensive,  a  test  series  was  designed  to 
evaluate  the  validity  of  utilizing  models  in  place  of  full  scale  structures. 

At  the  suggestion  of  the  Armed  Services  Explosives  Safety  Board 
it  was  decided  to  design,  construct  and  test  a  structure  having  the 
interior  dimensions  of  a  typical  explosive  manufacturing  bay  (Figure  l) 
that  would  withstand  the  effects  of  a  detonation  of  2,000  lbs.  of  HE  (Ref.  1). 

1-2  Scope  of  Report 

This  report  is  divided  into  two  main  parts: 

1)  Discussion  of  the  bay  structure  test  series  (Section  II) 

2)  Discussion  of  the  ultimate  capacity  test  series  (Section  III) 
i- j  Primary  Uojectlvcs 

The  two  main  objectives  of  the  test  series  were  to: 

i)  Establish  "model  factors"  that  will  relate  the  test  results 
of  model  structures  to  those  of  their  prototype  (full  scale) 
and  to  each  other. 

Evaluate  the  explosive-resistant  capacity  of  a  specific 
cubicle  arrangement. 

1-d*  Secondary  Objectives 

The  secondary  objectives  were  to: 

1)  Evaluate  blast  load  parameters  for  the  design  of  protective 
structures. 
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2)  Determine  experimentally  the  structural  response  of  laced 
reinforced  concrete  to  the  applied  blast  loads. 

3)  Establish  construction  details  to  afford  the  required  strength 
to  resist  the  applied  blast  loads. 

h)  Accumulate  data  pertaining  to  leakage  pressures. 


SECTION  II 


SCALED  BAY  TEST  SERIES 


2-1  Teat  Layout 
2-1.1  Prototype  Structure 

The  bay  structure  vas  deaignea  to  include  the  effects  of  adjoining 
cells  that  would  exist  in  an  actual  explosive  manufacturing  facility 
(Figure  2).  All  the  structural  elements  vere  constructed  of  reinforced 
concrete  and  consisted  of  a  floor  slab,  back  vail  and  two  side  vails.  The 
front  and  top  of  the  structure  remained  open  to  the  atmosphere.  The 
interior  dimensions  of  the  prototype  cubicle  vere  **0  ^t.-0  in.  long  by 
20  ft.-u  in.  deep  by  10  ft.-O  in.  high. 

The  vails  of  the  structure  vere  built  using  composite  (sandvich) 
construction  vhere  two  concrete  panels  vere  separated  by  sand  fill. 

Each  vail  had  an  overall  thickness  of  eight  feet  and  vas  divided  into  a 
two  foot  thick  donor  panel,  a  four  foot  vide  sand-filled  cavity,  and  a  two 
foot  thick  receiver  panel.  In  the  aide  vails,  closure  of  the  sand  cavity 
at  the  open  end  of  the  structure  vas  provided  by  an  end  panel.  At  the 
intersection  o f  each  side  vail  vlth  the  back  vail,  a  sand-filled  cylindrical 
cavity,  vhich  extended  from  the  top  of  the  vails  down  to  the  pedestal,  vas 
provided.  Figure  3  illustrates  a  typical  cross  section  through  a  composite  ' 
vail. 

To  resist  the  buildup  of  blast  pressures  in  the  corners,  two  foot  high 
by  tvo  foot  vide  concrete  haunches  vere  located  at  the  intersections  of  all 
three  vails  vith  the  floor  slab.  Also,  concrete  pedestals  vere  used  to 
separate  the  lu*e  of  the  individual  panels  of  each  vail.  The  haunches  and 
pedestal  of  n*cb  vail  vere  interconnected  by  reinforcing  bars  vhich  wore  con¬ 
tiguous  across  the  base  of  the  vail.  This  system  formed  a  monolithic  connection 
betveen  the  veil  and  the  slab. 

Adjacent  to  the  vails  vas  the  peripheral  floor  slab  vhich  had  a  thickness 
of  tvo  feet  and  surrounded  the  one  foot  thick  central  floor  slab.  The  transition 
betveen  the  tvo  thicknesses  vas  accomplished  by  an  intermediate  taper. 

High  strength  billet  steel  bers  conforming  to  ASTli  Specification  Al<32 
(nev  ASTH  designation  is  A6l5  Grade  60)  vere  used  throughout  for  reinforcement 
of  the  concrete.  The  main  horisontal  and  vertical  reinforcement  in  both  the 
back  and  side  vails  contistad  of  1-1/S  inch  diameter  bars  located  10  inches  on 
center  and  vas  identical  at  both  surfaces  of  each  panel.  The  horisontal  rein¬ 
forcement  vas  bounded  by  the  vertical  reinforcing  bars.  As  vas  the  case  vith  the 
horisontal  reinforcement,  the  adjacent  vertical  bars  in  the  vails  vere  tied 
together  by  means  of  diagonal  lacing  reinforcement  (Refs.  2  and  3 ) having  a  diameter 
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flGURE  3  -  CROSS  SKCTIOH  THROUGH  BAY  STRUCTURE  WALL  AND  FLOOR  SLAB 


of  5/o  inch.  The  lacing  in  the  vertical  direction  was  continuous  over 
approximately  the  lover  half  of  the  vail  height  vhereas  the  lacing  in 
the  horizontal  direction  vas  continuous  across  the  full  length  of  the 
valJ .  In  the  peripheral  floor  slab  the  reinforcement  vas  identical  to 
that  utilized  in  the  vails  (1-1/8  inch  diameter  bars)  but  in  the  central 
floor  slab,  only  minimum  reinforcement  of  1/2  inch  diameter  bars  vas 
provided. 

2-1 . 2  Model  Design 

All  models  used  in  the  test  series  vere  designed  according  to  the 
principles  of  "Geometrical  Scaling"  to  insure  that  the  model  test  data 
can  be  applied  to  the  prototype.  The  "Geometrical  Scaling  Lavs"  state 
that  there  is  a  linear  relationship  betveen  the  dimensions  of  the  model 
cubicle  and  full  scale  prototype.  Hovever ,  the  charge  veights  of  ex¬ 
plosives  used  vary  as  the  cube  root  of  the  scale  factor.  A  more  detailed 
discussion  of  the  principles  of  "Geometric  Scaling"  is  presented  in 
Appendix  A.  Theoretically,  all  structural  parameters  of  a  model  should 
scale  in  relation  to  those  of  its  prototype  structure.  Hovever,  because 
different  materials  are  used  in  the  model  then  in  the  full  scale  structure, 
exact  scaling  seldom  can  be  achieved.  The  effects  of  these  differences 
depend  on  the  structure's  response  (stresses  and  strains)  to  the  applied 
loads;  that  is,  in  a  structural  arrangement  vhere  the  tension  stresses 
e  significant,  the  material  differences  affecting  this  type  of  action 
vi  11  be  important  in  the  model  design*.  Hovever,  for  models  vhere  the 
loads  produce  primarily  compression,  the  differences  in  material  affecting 
the  tensile  strength  require  less  consideration. 

Because  the  concrete  and  reinforcement  used  in  model  construction 
can  be  placed  vith  1/32  inch  and  1/16  inch  of  the  required  dimensions, 
respectively,  the  minimum  size  model  considered  for  use  in  the  Bay  Struc¬ 
ture  Test  Series  vas  1/10  scale  (Figure  2).  Although  models  of  the  bay 
structure  vhose  sizes  are  smaller  than  1/10  scale  could  have  been  fabri¬ 
cated  without  difficulty,  the  reduced  dimensions  associated  vith  the 
smaller  models  in  combination  vith  a  slight  misplacement  of  the  explosive 
may  have  produced  blast  loads  vhich  vere  significantly  different  from 
those  scaled  from  the  prototype.  The  larger  models  provided  more  flexi¬ 
bility  for  locating  the  explosives,  and  therefore,  greater  reliability  in 
the  test  results.  Also,  because  of  the  handling  problems  vhich  occurred 
during  construction,  the  cost  of  fabrication  of  the  smaller  cubicle  models 
probably  would  have  been  in  the  order  of,  or  greater  than,  that  of  the 
1/10  scale  model. 

The  properties  of  the  reinforcement,  other  than  the  spacing,  needed 
major  adjustments  in  the  design.  In  the  prototype  and  larger  scale  model 
(1/3  scale),  the  reinforcement  consisted  of  standard  ductile  reinforcing 
bars  vhich  vere  commercially  available.  Hovever,  *  models  smaller  than 
1/3  scale,  the  use  of  ductile  steel  vire  vas  required  to  simulate  the 
other  nhysical  (dianeter  and  area)  and  mechanical  (strength  and  ductility) 
properties  of  the  reinforcing  steel  in  the  prototype  structure. 
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Most  wire  sizes  were  available  to  scale  the  physical  character¬ 
istics  of  the  reinforcing  bars  for  1/10  scale  models  and  larger. 

However,  because  the  available  steel  wire  was  cold  drawn,  and  therefore, 
brittle,  adjustments  of  the  wire  properties  to  simulate  the  mechanical 
properties  of  the  hot  rolled  reinforcement  of  the  larger  models  had  to 
be  accomplished  by  annealing  the  wire, 

Aa  can  be  seen  from  Table  1,  all  dimensions  of  the  bay  structure 
models  were  scaled  in  accordance  with  the  General  Scaling  Laws  (Appendix  A) 
whereas,  except  for  the  spacing  and  diameter  of  the  main  reinforcement 
in  the  1/10  scale  model,  all  physical  properties  of  the  reinforcement 
in  the  models  were  scaled  within  10J5  of  those  of  the  main  steel  in  the 
full  scale  structure.  In  the  case  of  the  1/10  scale  model,  scaling  of 
the  areaof  the  reinforcement  was  achieved  with  of  that  of  the 
prototype  structure  reinforcing  steel. 

Because  the  annealed  wire  UBed  in  the  model  construction  was 
available  before  the  test  series  was  conceived,  exact  scaling  between  the 
mechanical  properties  of  the  reinforcement  in  the  three  smaller  models 
and  the  prototype  structure  could  not  be  fully  achieved.  The  strength 
of  the  wire  used  in  the  three  smaller  models  exceeded  the  strength  of 
the  reinforcing  bars  used,  in  the  1/3  scale  and  full  scale  structures. 

However,  this  increased  strength  was  partially  offset  by  the  reduced 
ductility  of  the  wire.  It  should  be  noted  that  the  tensile  tests  of 
both  the  reinforcing  bars  and  wire  were  performed  using  an  8-inch 
specimen  length.  If  the  length  of  wire  used  for  the  tensile  tests  had 
been  scaled  according  to  model  size,  then  the  percent  elongations  recorded 
for  the  wire  would  have  been  larger  than  those  given  in  Table  1  resulting 
in  a  clc  er  comparison  between  the  potential  energy  of  the  models  and  the 
prototype.  Even  though  the  variations  in  the  mechanical  properties  of 
the  various  test  structures  were  slight,  these  differences  were  evident 
in  the  results  of  the  individual  tests  which  will  be  explained  later 
in  this  report. 

The  ultimate  strength  of  the  concrete  in  all  four  models  and  the 
full  scale  structure  was  within  10J(.  For  the  type  of  structure  considered, 
where  the  major  portion  of  the  shear  strength  was  afforded  by  the  lacing 
bars  and  the  compression  forces  were  resisted  by  the  compression  reinforce¬ 
ment,  this  degree  of  duplication  of  the  concrete  strength  of  the  individual 
structures  was  considered  adequate.  On  the  other  hand,  the  concrete  aggre¬ 
gate  in  the  smaller  scale,  models  (1/8  and  1/10  scale)  generally  consisted 
of  tiand  vhose  gradation,  strength  and  shape  did  not  necessarily  simulate 
the  crushed  atone  (coarse  aggregate)  of  the  prototype  structure.  Also,  the 
sand  (fine  aggregate)  used  in  the  concrete  mix  of  the  full  scale  structure 
could  not  be  simulated  for  the  smaller  models.  As  will  be  shown,  this 
variation  in  the  concrete  components  did  not  produce  a  significant  variance 
in  those  test  results  where  the  concrete  response  was  the  controlling  factor. 
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TABLE  1  -  COMPARISON  OF  SCALED  PROPERTIES  OF  BAY  SI 

TEST  SERIES 


UNIT 

FULL-SCALE 

UNIT 

0NE-THIRJh*5CALE 

ONE-FIFTH-SCALE 

UNIT 

S.F. 

UNIT 

»  rt 

1.  Charge  Walght  (lba.) 

e.  Taat  Sariaa  1 

b.  Teas  Sariaa  2 

c.  1'aat  Ssrlea  3 

d.  Taat  Sariaa  4 

2280 

3390 

4000 

7300 

75 

112.5 

112.5 

0.320 

0.333 

(4) 

16 

24 

40 

0.192 

0.192 

0.200 

2.  Call  Dimension  (1) 

40 '  x20 1 * 3 * * 6 7  xlO ' 

13'4"x6'8"x3'4" 

0.333 

8 ' x4 ' x2 1 

0.200 

3.  Thlcknaaa  (in) (2) 

24  [48] 

6.333 

*ii  [U1 

16  (_8j 

0.200 

4.  Flexural  Rainforcemant 

a.  Type 

b,  Slaa 

c  Spacing  (in.) 

d.  Diameter  (in.) 

o.  Area  (in^/ft) 

ASTFi  A4S2 

19 

10 

1.128 

1.2 

ASTM-A432 

n 

3.125 

0.375 

0.425 

0.300 

0.333 

0.354 

Annaalad  Ulra 

*1 

2 

0.234 

h 

0.026 

0.200 

0.207 

0.214 

5.  Straat  (pal) 

a.  Yielo,  ly 

b.  Ultimata,  f 

u 

73,700 

108,700 

73,100 

107,690 

100,000 

126,000 

b.  Ductility  (3) 

17.3 

(5) 

9.3 

/ .  bond 

Lapa 

Contlnuoua  Bara 

Contlnuoua  >ara 

8.  Concrete  Strength,  f ' ^ ,  (PS1) 

4 ,940 

5,240 

5550 

(1)  Fatt  and  lnchaa 

(i)  Huabar  ln{]lndicata  rhickneaa  of  aand  fill. 

(3)  Farcant  Elongation  of  8  in.  Bpaclaan. 

(*)  Location  of  eharga  adjuatad  to  alau’ata  blaat  load. 

(3)  Data  not  available. 

(6)  Straight  Sara 

(7)  Data  not  raliabla. 


1  -  COMPARISON  OF  SCALED  PROPERTIES  OF  HAY  STRUCTURE 
TEST  SERIES 


fc-THIlU>*$CALE 


S.7. 


ONE-FIFTH-SCALE 


UNIT 


0.320 

0.333 

(*) 


16 

26 

60 


0.192 

0.192 

0.200 


;3'6" 


0.333 


8 ' x6 1 x2 1 


0.200 


6.333 


6 ii  r^i 

16  u«J 


0.200 


132 


0.300 

0.333 

0.336 


Annaalad  Wlr« 

‘I 

2 

0.236 

0.026 


0.200 

0.207 

0.216 


73,100 

107,600 


100,000 

126,000 


(S) 


9.3 


llnueus  Sara 


Continuous  tara 


3,260 


3530 


ONE-EIGHTH-SCALE 

ONE-TENTH-SCALE 

UNIT 

s.r. 

UNIT 

s.r. 

6 

6 

10 

15 

0421 

0.121 

0.123 

0.123 

2.00 

3.26 

6.26 

0,096 

0.101 

0.095 

5lx2'-6',xl'3" 

0.125 

6'x2'xl' 

0.100 

3  [6] 

0.125 

0.100 

Annaalad  Win 

9-1/2* 

1.23 

0.163 

0.151 

0.125 

0.127 

0.121 

Annoalod  Wlra 

10-1/2* 

1.25 

0.127 

0.013 

0.125 

0.113 

0.106 

91,300 

100,000 

80,900 

90,800 

(7) 

7  3 

Continuous  ». 

Continuous  tars 

3670 

3860 

') 


I 
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?-l . 3  Model  Construction 


The  1/5  scale  and  larger  cubicles  of  the  Bay  Structure  Test 
Series  were  constructed  at  the  test  site.  The  smaller  (1/8  and  1/10 
scale)  models  were  built  in  a  laboratory  workshop  and  then  shipped  to 
the  test  site.  Because  of  the  inherent  strength  of  the  cubicle,  trans¬ 
portation  of  the  smaller  models  did  not  create  a  problem.  A  sufficiently 
strong  pallet  was  designed  using  steel  beams  which  allowed  for  raising 
and  lowering  of  the  model  as  required.  The  strong  back  and  rigging 
system  for  moving  the  model  was  fabricated  prior  to  construction  of 
the  model. 

Unique  problems  of  placing  concrete  were  encountered  in 
construction  of  the  smaller  reinforced  concrete  models.  The  relatively 
large  quantities  of  flexural  reinforcement,  the  presence  of  lacing, 
and  the  unique  detailing  of  the  steel  (Figure  M  required  to  develop 
the  full  capacity  of  the  structure,  minimised  the  space  available  for 
placement  of  the  concrete.  Fortunately,  however,  because  of  the  inter¬ 
locking  of  the  flexural  and  lacing  reinforcement  which  produced  a  rigid 
assembly  (Figure  3),  the  concrete  could  be  vibrated  to  the  bottom  of 
the  walls  merely  by  vibrating  the  top  of  the  reinforcement  assembly. 

In  addition,  by  placing  the  vibrators  against  the  exterior  surfaces 
of  the  wall  forms  (l/U-inch  plywood)  and  beneath  the  floor  forms, 
complete  vibration  of  the  concrete  was  achieved  without  honeycombs. 

In  the  case  of  the  larger  models,  the  larger  spacing  of  tha  reinforce¬ 
ment  in  ti\ese  structures  permitted  the  passage  of  vibrators  down  through 
the  steel,  which  eliminated  the  need  for  consolidating  the  concrete 
by  vibrating  tha  reinforcement  assembly. 

As  mentioned,  the  properties  of  the  reinforcement  in  the  models 
must  be  similar  to  those  used  in  the  prototype  structure.  For  the  cubicle 
model  sixes  tested,  the  reinforcement  used  in  the  1/3  scale  model  bay 
structure  was  commercially  available  and  had  aimilltv  le  with  that  used 
in  the  full  scale  structure.  However,  in  the  cubicles  smaller  than 
1/3  scale,  special  annealed  wire  was  used  to  produce  similitude 
between  the  reinforcement  of  the  models  and  that  of  the  prototype. 

This  wire  was  shipped  in  coils  and  required  straightening  before  being 
used  in  the  model  construction.  Two  straightening  methods  were  developed 
and  used  without  significantly  changing  the  properties  of  the  annealed 
wire.  The  first  method  (used  in  the  construction  of  the  two  small  models) 
consisted  of  cutting  the  colled  wire  to  desired  lengths  and  then  stretch¬ 
ing  It  it-  a  universal  testing  machine.  Care  waa  taken  to  only  slightly 
exceed  the  elastic  limit  of  the  wire.  The  second  method  consisted  of 
passing  the  wire  through  a  die  and  around  a  wheel  (Figure  5).  The  die 
and  wheel  were  so  placed  aa  to  produce  a  reverse  curvature  in  the  wire. 
Uowmver,  for  the  models  considered,  where  the  reinforcing  steel  was 
designed  to  attain  inelastic  deformations  including  the  strain  hardening 
region,  this  change  in  the  elastic  properties  had  only  negligible  ef¬ 
fects  la  altering  the  overall  potential  energy  of  the  structure  to  resist 
the  applied  blast  loada. 
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FIGURE  1*  -  PLACEMENT  OF  CONCRETE  IN  MODEL  CUBICLE 


FIGURE  5  -  STRAIGHTENIMC  OF  COILED 


In  addition,  it  vas  necessary  to  develop  a  different  method 
for  bending  the  reinforcing  bars  and  wire  than  used  for  the  lacing 
steel.  For  the  heavier  bars  of  the  full  scale  structure,  a  series 
of  dies  vere  manufactured  to  give  the  correct  bends.  One  die  vas 
fixed  in  place  vhile  the  other  die  vas  attached  to  a  hydraulic  Jack 
(Figure  6).  The  straight  bars  vere  then  placed  betveen  the  station¬ 
ary  die  and  the  movable  die  and  crimped  by  the  action  of  the  movable 
die.  A  similar  method  vas  used  for  the  vire  in  the  smaller  models. 

In  this  case  the  crimping  vas  achieved  by  hand  rather  than  by  hydraulic 
Jack  (Figure  6). 

In  the  construction  of  the  twa  small  scale  cubicles,  the  re¬ 
inforcement  for  the  individual  vails  of  each  cubicle  vas  assembled  in 
the  shop  (Figure  7).  After  the  vails  vere  erected,  the  floor  rein¬ 
forcement  vas  threaded  through  the  vail  sections.  In  this  case,  all 
the  reinforcement  for  the  entire  model  vas  in  place  before  any  concrete 
vas  placed.  The  tvo  larger  models  on  the  other  hand  vere  constructed 
using  ordinary  construction  methods. 

2-1.4  Teat  Site 

Both  the  small  apd  large  models  of  the  reinforced  concrete 
cubicles  of  the  Bay  Structure  Test  Series  vere  tested  in  the  field 
because  of  the  relatively  large  quantities  of  explosives  required  in 
these  tests.  In  addition,  the  possibility  of  the  occurrence  of  high 
velocity  concrete  fragments  predetermined  open  air  testing.  Provisions 
vere  made  to  prepare  the  site  for  the  model  tests  so  that  they  vould 
simulate  the  site  conditions  o{  the  prototype  tests. 

The  1/10  scale  model,  vhich  vas  the  initial  structure  tested, 
vas  placed  on  lightly  compacted  fill  (Figure  U)  used  to  level  the  site 
area  before  the  test.  The  final  results  of  this  test  Indicated  that 
the  soft  soil  condition  had  a  contributory  effect  on  the  final  failure 
of  the  structure. 

Based  on  the  results  of  the  1/10  scale  model  test,  the  1/3 
and  1/5  scale  structures  vere  teeted  at  another  site  vhere  a  more 
stable  subgrade  existed.  Also,  the  use  of  the  alternate  site  was 
required  because  of  the  larger  explosive  quantities  involved  in 
these  tests.  The  substrata  at  the  nev  site  consisted  of  •  rock  ledge 
situated  approximately  tvo  feet  belov  the  ground  surface  (Figure  8} 
and  an  overburden  of  natural  soft  top  soil.  The  soil  was  excavated 
down  to  the  rock  ledge  and  this  resulted  in  an  overexcavation  of  ap¬ 
proximately  8  inches  more  than  that  required  for  the  vail  footing. 

The  overexcavation  was  then  backfilled  and  compacted  to  90$  CE-55  to 
the  depth  required  for  construction.  This  stabilisation  of  the  sub¬ 
grade  appreciably  increased  the  overall  capacity  cf  the  larger  models 
relative  to  that  of  the  1/10  scale  structure. 
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FIGURE  7  -  PREASSB-iBLY  OK  WALL  REINFCRC; 
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FIGURE  6  -  SOIL  CONDITIONS  AT  TECL  SITE  FOR  BAY  STRUCTURE 
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To  establish  a  closer  degree  of  similitude  betveen  the  sub¬ 
grades  for  the  various  models,  the  soil  strength  below  the  1/8  scale 
model  was  considerably  improved.  The  backfill  was  excavated  to  a  depth 
of  approximately  one  foot  below  the  bottom  of  the  floor  slab  (Figure  8). 
The  sand  fill  was  then  compacted  and  a  6-inch  thick  lean  concrete  slab, 
used  to  simulate  the  rock  ledge  of  the  larger  scale  model  test,  was 
located  at  the  bottom  of  the  excavation.  Sand  was  compacted  on  top  of 
the  slab  to  a  depth  required  for  positioning  the  model.  As  was  evident 
from  the  test  results,  the  stabilization  of  the  subgrade  resulted  in  a 
closer  degree  of  similitude  between  the  damage  sustained  by  the  larger 
structures  and  the  1/8  scale  model  than  was  produced  in  the  1/10  scale 
model  test. 

The  full  scale  structure  was  constructed  on  the  shore  of  a 
fort..  *  lake  at  the  Naval  Weapons  Center.  The  soil  condition  at  this 
lake  consisted  of  a  calcium  deposit  which  (until  disturbed)  was  well 
compacted  and  dense.  The  strength  of  this  cemented  material. was  greatly- 
reduced  after  being  disturbed.  To  maintain  a  stable  substrata  similar 
to  tha!:.  of  the  1/5  and,.l/3  scale  models,  the  full  scale  bay  structure 
was  built  with  a  minimum  of  excavation.  Here,  the  bottom  of  the  floor 
slab  was  located  on  the  existing  ground  surface  (Figure  8).  ’’xcavation 
was  required  only  for  the  wall  footings.  Lean  concrete  rather  than 
soil  was  used  as  backfill  around  the  footings  to  simulate  the  density 
of  the  undisturbed  soil  below  the  floor  slab.  Because  the  top  of  the 
floor  slab  of  each  model  was  placed  flush  with  the  ground  surface, 
compacted  fill  had  to  be  placed  adjacent  to  the  edges  of  the  floor 
slab  of  the  full  scale  structure.  The  purpose  c?  the  backfill  was 
to  , -event  excessive  absorption  of  the  blast  energy  by  sliding  of 
the  structure  which  in  turn  would  affect  the  similitude  between  the 
models  and  the  prototype. 

2-1 . 5  Explosive  Cnarges 

All  five  structures  were  tested  twice  under  similar  conditions, 
with  quantities  of  explosives  equivalent  to  2,000  and  3,000  lbs.  of 
Composition  B  in  the  first  and  second  rounds,  respectively.  Except 
for  the  second  round  of  the  1/10  scale  model  test,  the  explosives  used 
in  each  test  of  each  structure  in  the  first  two  rounds  were  single 
spherical  charges.  The  second  round  of  the  1/10  scale  model  oest 
utilized  three  spherical  charges i  the  sum  total  of  their  weights  was 
slightly  greater  than  the  equivalent  weight  of  explosives  used  in  the 
second  test  of  other  structures.  Each  charge  was  located  at  the  geo¬ 
metric  center  of  the  structure.  The  typical  pre-shot  arrangement  of 
each  test  is  illustrated  by  the  pre-shot  teit  setup  of  the  scaled 
structures  (Figure  9)  and  full  scale  structure  (Figure  10). 

Except  for  the  1/3  and  full  scale  structure  tests,  the  ex¬ 
plosives  used  i "  the  individual  tests  of  the  third  round  were  equiv¬ 
alent  to  5, COO  lbs,  of  Composition  B«  The  quantity  of  explosives 
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FIGURE  9  -  PRE-SHOT  TEST  SETUP  TOR  MODEL 


utilized  in  the  third  test  of  the  1/3  scale  structure  vas  equal  to 
112.5  lbs.  of  Composition  B  (equivalent  to  3.000  lbs.  full  scale) 
vhich  vas  the  maxima  quantity  of  explosives  permitted  to  be  detonated 
at  the  test  site.  However,  to  simulate  the  blast  loads  acting  on  the 
back  vail  of  the  structure  (in  terms  of  impulse)  vhich  would  be  pro¬ 
duced  by  the  scaled  equivalent  of  5.000  lbs.  of  explosives,  the 
112.5  lb.  charge  vas  moved  closer  to  the  back  wall.  The  explosives 
used  in  the  third  round  of  the  full  scale  structure  consisted  of  100- 
50  lb.  units  of  THT.  Each  unit  vas  contained  in  a  light  aluminum  metal 
container.  The  containers  vere  stacked  in  the  shape  of  a  square  on 
the  floor  slab  and  at  the  center  of  the  cell. 

Only  the  1/8  scale  model  and  the  prototype  structure  were  tested 
in  the  fourth  round  because  of  the  degree  of  damage  after  the  third 
round.  The  equivalent  weight  of  explosives  used  in  each  test  was  7,500  lbs. 
A  spherically-shaped  charge  of  Composition  B  was  suspended  at  the  center 
of  the  bay  used  in  the  model  test.  In  the  full  scale  test  150-50  lb. 
containers  stacked  in  a  manner  used  in  the  third  round  were  utilized. 

Table  2  lists  the  charge  properties,  including  the  type, 
weight,  location  relative  to  the  back  vail  (scaled  distance)  and  full 
scale  equivalent  weight  for  each  round  of  tests  for  each  structure. 

2-1.6  Instrumentation  and  Test  Measurements 

Pressure,  deflection,  and  strain  gages,  and  photographic 
coverage  vere  the  principal  instruments  used  to  record  the 
physical  state  of  the  cubicle  before,  during  and  after  the  completion 
of  each  individual  test.  Table  3  lists  the  type  and  number  of  instru¬ 
ments  used  and  the  number  vhich  functioned  during  the  test.  A  descrip¬ 
tion  of  the  physical  and  electronic  measurements  performed  during  each 
test  follows. 

Electronic  Pressure  Oages—Mast  pressure  measurements  were 
made  with  Ballistic  Research  Le born. series'  electronic  pressure  gages 
during  the  first  three  tests  of  t.Ss  full  scale  teat  series  at  China 
Lake.  Seven  gages  were  placed  at  vicious  distances  from  the  outside 
walls  of  the  cubicle  to  determine  the  blast  pressures  acting  on  the 
ground  surface  exterior  of  the  test  structure.  The  location  of  the 
gages  varied  from  90-1100  feet  from  the  center  of  the  donor  cell  vhich 
corresponded  to  estimated  peak  pressure  levels  of  30  and  0.1*  p*i,  re¬ 
spectively.  All  gages  were  mounted  flush  with  the  ground  surface  in 
order  that  the  Bide-on  pressure  produced  by  the  leakage  of  the  blast 
pressures  over,  around  and  through  the  structure  to  the  exterior  could 
be  recorded.  The  location  of  these  gages  is  shown  in  Table  1*. 

Electronic  Deflection  Gages— Electronic  deflection  gages 
(Figures  11  and  12)  were  used  to  determine  the  time-history  movement 
of  the  walls  of  the  1/5 r  1/3  and  full  scale  structures.  The  deflection 
gages  were  linear  displacement  transducers  which  operate  on  the  principle 


Table  2  -  CHARGE  WEIGHT  PROPERTIES 


Charge  Properties 

Round 

Charge  Wt . 

7 

E.F.S.Wt. 
Lbs. (1 ) 

Structure 

No. 

Type 

Lbs. 

A 

1 

Single 

2.0 

n 

2,000 

1/10  Scale 

2 

Cluster 

3.24 

Wssm 

3.2U0 

3 

Cluster 

4.25 

KH 

4,250 

1/10  Scale 

n 

Cluster 

10.0 

0.465 

10,000 

mm 

Single 

mom 

mm | 

— 

1/8  Scale 

Bn 

Single 

mmm 

WEm 

tj 

Single 

wmm 

mm 

Cluster 

15.0 

0.50 

MESsM 

to) 

1/8  Scale  yc> 

H 

Single 

15.0 

0.50 

7,500 

1/8  Scale 

B 

Single 

15.0 

0.50 

7,500 

i 

Single 

m 

0.785 

2,000 

1/5  Scale 

2 

Single 

0.686 

3,000 

3 

Cluster 

m 

0.58 

5,000 

1 

Single 

75.0 

0.775 

2,025 

1/3  Seale 

2 

Single 

■ 

0.680 

?,040 

3 

Single 

.  .. 

0.530 

3,040 

/ 

m 

Single 

1 

0.8 

;  Full  Scale 

> 

H 

Single 

Boxes 

Hmm 

0.69 

0.58 

■ 

■  : 

in 

Boxes 

mi 

0.50 

(1)  EPSWT,  -  Equivalent  Pull  Scale  Weight 

(2)  Modified  construction  bay 

(3)  Bay  constructed  of  single  reinforced  concrete  walls 


.26. 


TABLE  3  -  ELECTRONIC  INSTRUMENTATION 


’ 

- 1 

-■  ■  -i 

,J  i 

PRESSURE  GAGE 

DEFLECT.  GAGE 

STRAIN  GAGE 

PHOTOGRAPHY 

STRUCTURE 

ROUND 

Used 

Oper. 

Used 

Oper. 

Used 

Oper. 

Used 

Oper. 

One-Tenth 

1 

O 

- 

- 

- 

- 

- 

- 

It 

It 

1. 

Scale 

4 

4 

3 

1 

3 

3 

■1 

■1 

3 

3 

One-El gfath 

I 

■  B 

- 

- 

- 

- 

- 

3 

3 

Scale 

■■ 

B 

- 

- 

- 

- 

- 

3 

3 

mm 

| 

— 

- 

- 

- 

3 

3 

One-Fifth 

i 

B 

2 

0 

6 

It 

B 

2 

Scale 

2 

- 

2 

2 

- 

it 

3 

WMM 

- 

1 

1 

- 

0 

One-Third 

Scale 

1 

2 

3 

- 

- 

2 

2 

1 

2 

2 

1 

7 

B 

B 

5 

it 

it 

1 

21 

B 

B 

0 

■B 

n 

n 

Full 

2 

21 

H 

BtB 

17 

BB 

Bfl 

Scale 

3 

21 

!  19 

- 

b 

B,' 

■9 

Bb 

k 

_ 

- - J 

H 

B 

b! 

-37' 


(W-2MC;  *CU!0  HO.  2  (W-3390)  ROOD  WO.  3  (V-5000) 


I 


s  *  i 


•  N  • 

44  V  1 

~  .  I 

t 

.  5  in* 

N  «4  ’v 

•  •  • 

i  s  -M  i 

u  W  I  m 

,  Is 

i  1 1 !  i 

*1*3? 


nn 


5  3  8  3 

*  1  •  •  •  1  I  I 


NQ4tniANjAin 


i  ft  R  3  3  8  3  ,  3  8  IS  s  8  8  S  3  8  3  3 

a  a  a  «  «  «  «  «  «*  14  4  4  o  4  4  d  d  Id 


88*333*338525  3 

•  mrtdddV  444444  '  *4 

,  3  5  SJ5  »  R  5  St  J  !  S  S  S  *  S 

3  •■  4  44  4  4  4  4  1  1  odd 


R3S  333RSS5S33R  S 

•  K>  n  n  n  «N  H  f*M  H  H  *  O 

- - » - 

33388  2  88 


3  3  8 
a  a  ~ 


miHlIBHlIIIIIH 


2 


29 


ISIC  DKPLBCTXOS  CAGE  SETUP  FOR  MALL 


of  change  in  inductance  in  the  coils  of  a  linear  differential  trans¬ 
former  vith  changes  in  position  of  tba  core.  These  gages  had  either 
a  6  or  12  inch  stroke  and  were  used  according  to  the  magnitude  of  de¬ 
flection  anticipated.  Each  gage  was  mounted  on  the  receiver  side  of 
each  wall.  In  the  full  scale  structure  test,  each  gage  was  supported 
by  its  mount  on  the  floor  slab  while  in  the  1/3  and  1/5  scale  tests, 
the  mounts  were  supported  on  concrete  pedestals  each  of  which  was  lo¬ 
cated  adjacent  to,  but  not  connected  to,  the  floor  slab  of  its  corres¬ 
ponding  structure.  The  output  of  the  transducer  was  recorded  as  a 
function  of  time  giving  a  complete  picture  of  the  full  scale  structure 
wall  deflections  relative  to  the  base  slab.  In  the  case  of  the  models, 
the  overall  movement  of  the  structure  vs.  time  was  recorded  (Figure  12 
shows  some  typical  output  of  these  instruments).  The  pre-shot  and  post- 
shot  physical  measurements  indicated  that  the  soil  between  the  floor 
slab  and  pedestals  remained  elastic  during  the  tests  so  that  the  overall 
movement  of  the  structure  contributed  very  little  to  the  gross  movement 
of  the  walls.  No  electronic  deflection  measurements  were  taken  in  the 
1/10  or  1/8  scale  test  series. 

Eighteen  gages  were  used  in  each  of  the  first  three  rounds  of 
the  full  scale  tests.  Deflection  measurements  included  those  of  both 
the  receiver  and  donor  panels  of  all  three  walls.  The  attachment  points 
for  the  various  gages  are  shown  in  Figure  13. 

Two  deflection  gages  were  used  in  Rounds  1  and  3  of  each  1/3 
and  1/5  scale  model  tests.  The  gages  in  each  test  were  located  along 
the  centerline  and  near  the  top  of  the  back  walls.  One  gege  was  at¬ 
tached  to  the  donor  panel  while  the  other  gage  was  attached  to  the  re¬ 
ceiver  panel.  In  Round  3,  one ‘gage  was  attached  to  the  receiver  panel 
of  the  back  wall  of  each  of  the  two  larger  models. 

Electronic  Strain  Gages — Strain  gages  were  used  to  determine 
the  mechanism  of  dynamic  wailrailure  under  explosive  loading  conditions 
The  strain  gages  were  cemented  directly  to  reinforcing  bars  at  critical 
points  within  the  structure  before  the  concrete  was  poured  in  the  1/3 
and  1/5  scale  models.  SH-4  post-yield  gages  were  bonded  to  either  the 
horizontal  or  vertical  reinforcing  bars  where  the  development  of  maximum 
tension  strains  in  either  the  side  or  back  walls  was  anticipated.  All 
gages  were  electrically  shielded  to  minimise  electrical  interference 
from  exterior  sources.  A  total  of  six  and  seven  gages  were  utilised 
in  the  1/3  end  1/5  scale  tests,  respectively. 

Physical  Measurement—  accept  where  structural  failure  occurred, 
post-shot  pemanent  deflections  of  all  the  vails  of  each  structure 
were  measured  before  proceeding  vith  the  next  round  of  tests.  These 
deflections  were  obtained  by  hand  measurements.  Horizontal  and  vertical 
overall  structural  movements  were  determined  by  pre-shot  and  post-shot 
surveys  of  refer**-  ,  ,-rkers  embedded  within  the  concrete.  To  more 
closely  define  the  da rage  sustained  by  each  structure  in  each  test 
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series,  post-shot  crack  patterns  of  the  vails  and  floor  slab  of 
each  structure  v ere  made.  The  patterns  Indicated  the  location 
and  size  of:  concrete  cracks,  spalling,  areas  of  exposed  reinforce- 
mat,  and  areas  of  reinforcement  failure. 

Photographic  Coverage — Both  still  and  motion  pictures  were 
used  to  reccrf  test  events.  S'  111  photography  was  used  to  record 
the  construction  phase  of  the.  test  as  veil  as  pre-shot  test  arrange¬ 
ments  and  post-shot  test  results.  Motion  pictures  vere  used  princi¬ 
pally  to  determine  the  damage  characteristics  of  the  test  structure 
including  sizes  and  velocities  of  fragments  and  their  distribution 
resulting  from  *he  breakup  of  any  portion  of  the  test  structure. 

Four  camera  vievlng  methods  vere  utilized:  (l)  the  shadov- 
graph  method,  (2)  backboard  method  (to  determine  fragment  velocities), 
(3)  rear  trleving  method,  and  (b)  site  vievlng  method.  Hovever,  all 
the  methods  vere  not  necessarily  used  in  every  test.  The  vievlng 
method  varied  from  found  to  round.  Camera  layouts  end  speeds  for  a 
typical  test  such  as  the  1/10  scale  test  series  are  illustrated 
in  Figure  lb. 

2-2  Discussion  of  Test  Results 

2-2.1  Structural  Damage 

General — Since  the  scaled  explosive  equivalent  of  2,000  lbs. 
and  approximately  3,000  lbs.  of  HE  were  detonated  in  Rounds  1  and  2  of 
each  model  test,  the  discussion  of  the  results  and  comparison  of  struc¬ 
tural  damage  vill  concentrate  on  these  rounds.  Becauae  of  the  vari¬ 
ance  of  the  individual  test  setups  for  Bounds  3  and  bt  only  a  limited 
comparison  of  the  results  of  these  tests  can  be  discussed.  Ehiphasis 
has  been  placed  r the  discussion  of  the  damage  sustained  by  the  back- 
vall  since  it  vas  the  critical  element  of  the  structure  (Ref.  b). 
Table  5  is  a  summary  listing  the  test  setup  and  damage  sustained  by  the 
back  and  side  veils  of  each  structure  in  earh  round  of  tests. 

Round  1 — In  general,  the  overall  damage  sustained  by  ail  four 
models  aHJ  TEe  full  scale  structure  vas  about  the  same.  Surface  spal¬ 
ling  of  the  donor  panel  vas  slightly  more  severe  in  the  1/5,  1/1  and 
full  scale  structures  (Figures  15  and  16 )  than  the  small  seals  struc¬ 
tures.  This  apparently  vas  caused  by  the  failure  of  the  thicker 
concrete  cover  over  the  reinforcement  of  the  tvo  larger  models.  The 
increased  thickness  vas  produced  by  accidental  slippage  of  the  vail 
fonts  during  construction.  The  one-eighth  scale  model  suffered  the 
least  damage  because  the  hay  vas  constructed  under  veil  controlled 
conditions  in  the  laboratory.  Additionally,  the  vails  of  the  tvo 
larger  models  and  the  prototype  structure  need*!  patching  after 
removal  of  the  forms.  Another  contributing  factor  to  the  greet -r 
spalling  of  the  vails  of  the  larger  structures  vas  the  greater 
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TABLE  5  -  StfflKAST  OF  SCALED  EXPLOSIVE  BAT  STRUCTURE  TEST 


Partial  destruction-  Panel  breaks  up  into  fan  large  sections 

Tote]  destruction  -  Panel  broken  completely  produces  flying  fragments 

Incipient  failure  -  Element  on  Terge  of  collapse 

Bay  constructed  of  sirgle  reinforced  concrete  nails 
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15-MODEL  SCALE  TESTS  -  ROUND  1  -  DONOR  SIDE 
(2000  lb.  Explosive  Equivalent) 


elastic  rebound  of  their  hack  vails  as  compared  to  those  of  the 
smaller  structures.  This  vas  evident  by  the  protrusion  of  the 
vertical  reinforcement  past  the  back  vail  of  each  of  the  larger 
structures . 

To  prevent  the  vertical  steel  from  buckling  outvard ,  the 
vertical  bars  should  be  placed  inside  the  horizontal  bars  in  the 
lover  half  of  the  vail.  This  follovs  an  important  conclusion  that 
the  controlling  reinforcement  should  be  placed  internally  of  the 
secondary  reinforcement.  This  principle  vill  be  applied  in  all 
cubicle  designs  that  follov  the  Bay  Tests. 

The  damage  sustained  by  the  back  vail  of  each  model  and  the 
full  scale  structure  vas  similar.  The  major  cracks  were  tension  cracks 
formed  at  the  supports  on  the  donor  side  of  the  vail  and  at  the  middle 
of  the  vail  at  the  receiver  side  where  vertical  cracks  were  produced. 

In  areas  of  high  compression  stresses ,  the  concrete  vas  crushed  on 
both  the  donor  and  receiver  surfaces  of  the  donor  panel. 

There  vas  virtually  no  damage  to  the  receiver  panel  of  the 
back  vail  of  each  of  the  two  larger  structures  (1/5  and  1/3  scale) 
vhile  vertical  cracks  were  formed  near  the  center  of  the  hack  vail 
of  both  smaller  models  (1/8  and  1/10  scale)  (Figure  17).  Both 
smaller  structures  vere  tested  on  partially  compacted  fill.  These 
cracks  vere  formed  as  a  result  of  the  vertical  settlement  of  the 
center  of  the  back  vail  relative  to  the  sections  of  the  structure 
where  the  side  vails  intersected  the  back  vail.  Since  the  soil 
stability  of  the  1/8  scale  model  vas  greater  than  that  of  the  /10 
scale  model,  the  vertical  cracks  in  the  former  vere  less  severe. 

This  reduced  damage  of  the  1/8  scale  model  during  the  first  test  ap¬ 
preciably  increased  its  blast-resistant  capacity  for  subsequent  tests. 

After  the  first  round  of  tests,  the  horizontal  and  vertical 
reinforcement  in  the  receiver  and  donor  panels  of  the  back  vail  of 
all  five  structures  remained  intact.  There  was  a  minimum  of  crater¬ 
ing  (Figures  15  and  1 6)  of  the  floor  slabs  of  the  test  structures. 
However,  the  depression  in  the  'floor  slab  of  the  full  scale  structure 
vaa  slightly  larger  than  the  depression  formed  in  the  model  floor 
slabs.  The  full  scale  structure  crater  vas  four  inches  deep  and 
45  feet  in  diameter.  Figures  18  and  19  illustrate  the  extent  of 
damage  due  to  cratering  in  the  one-tenth  scale  structure. 

Except  for  the  end  panels,  which  retained  the  sand  fill,  the 
side  walls  of  all  test  structures  suffered  little  or  no  damage. 

Because  the  control  of  the  placement  of  the  reinforcement  in  the 
field-constructed  structures  vas  less  than  that  which  could  be  main¬ 
tained  in  the  laboratory,  the  damage  to  the  end  panels  of  the  two 
larger  models  vas  slightly  greater  thar  that  of  the  two  smaller 
models.  Post-shot  investigations  disclosed  that  the  reinforcement 
in  the  end  panels  of  the  tvo  larger  models  vas  not  placed  in  the 
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center  of  the  panels,  but  located  near  the  interior  surfaces,  and 
therefore,  providing  little  capacity  against  bending  in  these  sections. 

In  the  full  scale  structure  (Figure  20)  and  the  two  small  scale  models 
(Figure  15),  Bore  car#  vas  taken  in  the  placement  of  the  reinforcement 
in  the  end  panels,  and  consequently,  less  damage  occurred. 

Round  2 — The  tension  reinforcement  in  the  back  wall  donor 
panel  failed  near  the  center  of  the  1/10  scale  structure  (above  the 
floor  slab  haunch.  Figure  2).  The  reinforcement  in  the  remainder  of 
the  structure  and  in  the  other  test  structures  remained  intact  although 
a  shear  plane  vas  formed  along  each  back  wall  donor  Danel  sunnort  near 
the  floor  slab.  The  formation  of  the  shear  plane  resulted  in  a  reduction 
of  the  wall  strength  equivalent  to  a  failure  of  the  tension  reinforcement. 
The  length  along  the  wall  where  the  shear  plane  was  formed  in  the  1/8  and 
full  scale  structures  was  shorter  than  those  of  the  other  three  models. 

The  shear  failure  of  the  concrete  resulted  in  the  formation  of  relatively 
large  displacements  of  the  donor  panel  which,  in  turn,  caused  excess  scab¬ 
bing  (spalling  produced  by  large  straining  of  the  reinforcement  and/or 
displacement  of  the  element).  Spalling  of  the  donor  surface  of  each  donor 
panel  of  the  back  walls  of  all  structures  vas  quite  severe  except  in  the 
1/8  scale  model  where  a  smaller  shear  plane  was  formed  (Figure  21). 


The  vertical  cracks  in  the  receiver  panel  of  the  back  wall 
of  each  of  the  two  smaller  (1/8  and  1/10  scale)  models  (Figure  22) 
were  quite  large.  However,  these  cracks  were  less  pronounced  in 
the  1/8  scale  bay  in  comparison  to  those  of  the  1/10  scale  model. 
Similar,  but  relatively  smaller,  cracks  also  were  formed  in  the  other 
three  structures.  The  vertical  cracks  extended  the  full  height  of 
the  wall  while  those  of  the  other  structures  extended  to  approximately 
two-thirds  of  the  wall  height.  Formation  of  these  vertical  fissures 
eventually  produced  failure  of  those  structures. 

The  craters  formed  in  the  floor  slabs  in  all  test  structures 
during  the  first  round  of  tests  were  enlarged  during  the  second  round. 
With  the  exception  of  the  1/8  scale  model,  the  crater  penetrated  the 
depth  of  each  floor  slab  and  displaced  the  subgrade. 

The  side  walls  of  the  models  and  the  prototype  structure 
suffered  appreciably  more  damage  than  in  Round  1.  The  walls  of  the 
full  scale  (Figures  21  and  23)  and  the  twa  larger  models  (particularly 
the  end  panels)  suffered  more  damage  than  those  of  the  two  smaller 
concrete  models.  Here  again,  the  methods  of  pouring  the  concrete 
(which  differed  in  the  field  from  that  of  the  laboratory)  apparently 
contributed  to  the  greater  damage  sustained  by  the  larger  structure. 

It  is  evident  from  the  discussion  so  far  that  the  compara¬ 
tively  insignificant  differences  in  the  damage  to  the  vario"s  scale 
models  can  be  attributed  primarily  to  secondary  causes  such  as  method 
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FIGURE  i3  -  FULL  SCALE  TEST  -  ROUND'S _ 

3000  LBS  .-DONOR  SIDE 


of  pouring  and  differences  in  materials  (reinforcement)  and  foun¬ 
dations  (uncompacted  vs.  consolidated  ground)  rather  than  to  scaling 
factors.  In  some  instances  more  damage  was  susta  ned  by  the  smaller 
models  while  in  other  cases  the  larger  structures  suffered  a  greater 
amount  of  damage.  There  was  nc  definite  pattern  indicating  that  the 
degree  of  damage  increased  or  decreased  with  the  sire  of  the  rodel. 

Round  3— A  comparison  of  the  damage  sustained  by  the  various 
test  structures  can  be  made  only  superficially  since  the  test  con¬ 
ditions  (cluster  of  charges,  charge  limitations,  etc.)  were  not  ex¬ 
actly  the  San.  for  all  the  scale  models  used  in  this  round  of  teBts. 

The  difference  between  the  individual  tests  of  the  first  two  test 
series  also  contributed  to  distorting  the  comparable  results  of  the 
individual  tests  of  the  third  round.  However,  the  results  of  this  round 
of  tents  lid  indicate  test  results  which  in  general  conformed  to  the 
scaling  principles  which,  .  turn,  indicate  that  a  wide  deviation  in 
test  arrangements  is  necessary  to  significantly  distort  the  results  of 
one  model  test  in  comparison  to  those  of  similar  model  tests. 

For  the  two  la;  0*er  structures  (full  and  1/3  scale)  and  the 
1/8  scale  model,  the  damage  was  comparable  insofar  as  the  donor  panel 
of  both  the  back  and  side  walls  sustained  incipient  failure  (Figures 

21*  and  25).  The. post-shot  condition  of  the  receiver  panels  (Figures  26 
and  27)  was  classified  as  heavy  damage  (less  than  Incipient  failure). 

The  damage  sustained  by  the  donor  and  receiver  panels  of  the  back  wall 
of  the  1/5  s-'ale  model  was  partial  destruction  and  incipient  failure, 
respectively.  This  increased  wall  damage  above  that  of  the  larger 
structures  was  attributed  to  the  construction  methods  used  in  the 
field  and  the  use  of  cluster  charges  to  simulate  the  5,000  lb.  equiv¬ 
alent  charge.  The  cluster  of  charges  tended  to  produce  a  more  severe 
loading  condition  on  the  wall  insofar  as:  (1)  the  interaction  of  the 
blast  waves  of  the  individual  charges  enhances  the  blast  pressures 
vhich  increase  the  applied  blast  impulse,  and  (2)  the  use  of  multiple 
charges  tends  to  direct  more  of  the  initial  output  of  the  explosion 
in  one  direction  (in  this  case  towards  the  back  wall)  compared  to 
the  spherical  dispersion  Of  the  blast  pressures  associated  with  ex¬ 
plosions  of  spherically-shaped  charges.  In  the  case  of  the  full 
scale  bay  test,  there  vas  an  enhancement  of  the  blast  output  due 
to  the  use  of  multiple  charges  and  because  these  charges  were  placed 
directly  on  the  floor  slab.  However,  the  type  of  explosive  used  in 
the  prototype  test  vas  TUT,  which  has  a  smaller  blast  output  per 
unit  weight  than  Composition  B  used  in  the  model  tests. 

Both  panels  of  the  back  vail  of  the  1/10  scale  bay  failed 
due  to  the  enlargement  of  the  previously  mentioned  vertical  cracks 
which  were  originally  formed  during  Bound  1  as  a  result  of  the  soil 
settlement  beneath  the  center  of  the  back  wall.  In  addition,  the 
blast  loads  acting  on  the  side  walls  of  the  cubicle  induced  additio¬ 
nal  tension  stresses  in  the  horizontal  reinforcement  of  the  back 
wall.  These  stresses,  vhich  normally  would  be  resisted  by  the  mass 
of  the  adjoining  sections  in  a  multi-cubicle  facility  in  combination 


FIGURE  24  -  FULL  SCALE  BAY  TEST  -  R< 
CHARGE  WEIGHT  «  5,000  L 
DOHOR  SIDE 


(5000  lb.  Sxplosive  Equivalent) 


RECEIVER  SIDE 


with  the  stresses  produced  by  the  subgrade  and  the  normal  bending 
stresses,  failed  the  horizontal  reinforcement  in  the  back  wall  and 
enhanced  the  vail  collapse. 

Round  U— The  1/8  and  full  scale  structures  vere  tested  in 
Round  4  to  determine  their  ultimate  capacity  (Figures  28  to  31).  The 
1/8  scale  model  completely  failed  while  the  prototype  structure 
was  on  the  verge  of  collapse  (incipient  failure)  as  a  result  of  an 
explosive  equivalent  equal  to  7,500  lbs.  The  explosive  used  in 
the  full  scale  structure  was  TNT  while  Composition  B  explosive  was 
utilized  in  the  1/8  scale  model  test.  Although  the  variation  of 
the  blast  output  of  these  two  explosives  did  have  an  effect  on  the 
test  results,  the  major  reason  for  the  variation  in  the  structure's 
response  was  probably  due  to  the  greater  potential  energy  of  the 
full  scale  structure  relative  to  that  of  the  model.  Although  the 
yield  and  ultimate  strength  of  the  hot-rolled  reinforcing  bars  of 
the  full  scale  structure  vere  less  than  those  of  the  wire  used  in 
the  model  and  the  dynamic  increase  in  the  strength  of  the  wire  was 
higher  than  that  of  the  reinforcement  in  the  prototype,  the  ductility 
oi  .he  wire  was  significantly  less  than  the  ductility  of  the  rein¬ 
forcing  bars.  The  extent  of  the  damage  to  the  full  scale  structure 
could  have  been  reduced  if  the  vertical  reinforcement  in  the  lover 
portion  of  the  walls  was  placed  inside  the  horizontal  reinforcement. 
No  instrumentation  was  used  in  this  round. 

2-2 . 2  Pressure.  Deflection  and  Strain  Test  Measurements 


blast  Pressures— The  blast  pressure  gage  data  recorded  in 
the  first  three  rounds  of  the  full  scale  structure  tests  is  given 
in  Table  5.  This  data  includes  gage  location  (distance  and  orien¬ 
tation),  peak  positive  incident  pressure  and  scaled  impulse. 

Figures  32  j  are  plots  oi  peak  pressure,  (acting  on  the 
ground  surface)  versus  seeled  distance  for  gigea  located  adjacent 
to  t !«e  end  (front),  the  side  walls  and  the  back  wall  of  the 

structure,  respectively.  Uso  plotted  are  pressure-distance  curves 
for  unconfined  surface  explosions  and  leakage  pressures  resulting 
from  explosions  in  partially  confined  cubicles  (one  back  and  two 
side  walls). 

In  this  test  series,  the  reflection  of  the  -last  pressures 
off  the  back  wail  and  the  focusing  of  these  pressures  by  the  side 
walls  resulted  in  a  shotgun  effect  producing  pressures  adjacent  tr. 
the  open  end  of  the  structure  larger  than  those  vhich  would  have 
been  produced  by  an  unconfined  surface  explosion  of  equal  magnitude. 
On  the  other  hand*  pressures  acting  on  the  ground  in  other  areas 
around  the  structure  vere  reduced  belov  those  of  an  unconfined  burst 
by  the  shielding  afforded  by  the  walls.  The  walls  focused  the  blast 
pressvres  at  a  higher  alt*  ide  than  would  normally  occur  if  the  vails 
vere  not  present. 
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PEAK  POSITIVE  INCIDENT  PRESSURE ,  Pto(p*t) 


10  10  100 


SCALED  GROUND  DISTANCE  ,ZG(ft/lb,/3} 


FIGURE  32  -  EXTERIOR  LEAKAGE  PRESSURE  VS.  SCALED  DISTANCE 

(FRONT  DIRECTION) 
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PEAK  POSITIVE  INCIDENT  PRESSURE  ,  PM(psi> 
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SCALED  GROUND  DISTANCE,Z0(R/lb,/3) 


FIGURE  33  -  EXTERIOR  LEAKAGE  PRESSURE  VS.  SCALED  DISTANCE 

(SIDE  DIRECTION) 


■59- 


SCALED  GROUND  Dl STANCE  ,Z0(ft/t>,/5) 


FIGUHK 


ilXTKSIOH  LKAKAT 


PRESSURE  VS.  SCALED  DISTANCE 
SECTION ) 


-h')~ 


wmmmuiw  I 


SCALED  GROUND  DISTANCE ,  ZQ(ft/fc,/3) 


FJOUHJf.  »'•  -  i 


-oi- 


It  should  be  noted  that  the  pressure-distance  relationships  are 
valid  only  for  the  '.ructural  arrangements  and  charge  weights  involved 
‘  in  this  test  series.  A  aunmary  of  these  leakage  pressures  is  given  in 
Figure  35  while  a  summary  of  other  leakage  pressure  data  is  presented 
References  6  to  8. 

Deflections— As  mentioned,  electronic  gage  measurements  indicating 
the  deflection-time  history  of  the  walls  and  physical  measurements  of  the 
permanent  deflections  were  obtained  in  the  Bay  Structure  Test  Series.  A 
typical  deflection-time  curve  for  a  back  wall  is  illustrated  in  Appex- 
dlx  B  (Figure  B-13)  while  Reference  9  contains  a  number  of  the  other 
deflection  measurements  obtained  during  the  test  series.  Electronic 
instrumentation  was  used  in  the  two  larger  models  and  the  full  scale 
structure  tests  vhereas  permanent  deflection  measurements  were  obtained 
from  all  five  structures  tested.  Tables  6  to  8  list  the  results  of  the 
various  deflection  measurements  which  were  obtained  from  all  five  structures 
tested. 


As  may  be  expected,  the  permanent  deflections  of  the  back  vails  of 
the  various  test  structures  increased  with  increasing  structure  size  (Table  8). 
However,  except  for  Round  1,  this  increased  magnitude  of  the  deflections 
sustained  by  the  1/5  and  1/3  scale  models  deviated  from  the  expected 
values.  These  deviations  were  primarily  a  function  of  field  conditions 
where  less  control  during  construction  could  be  maintained.  Another  factor 
affecting  the  scaling  factors  for  the  larger  models  was  the  effects  produced 
by  the  lover  density  sand  used  in  the  cavities  of  these  structures.  The 
aversge  sand  density  used  in  the  1/5  and  1/3  scale  structures  vas  approxi¬ 
mately  80  pcf  whereas  the  density  used  is  the  other  structures  varied 
between  85-90  pci.  This  decrease  in  aand  dens-  /  resulted  in  the  formation 
of  larger  and  smaller  deflect ion j  being  sustained  by  the  donor  ana  receiver 
panels,  respectively.  However,  the  combined  deflection  of  both  panels  wms 
greater  than  that  which  would  have  occurred  if  the  denser  aand  vas  used. 

In  the  tests  performed  subsequent  to  Hound  1,  it  could  not  be  expected 
that  scaling  of  deflections  could  be  maintained.  Here  the  settlement,  rotation 
and  sliding  of  the  overall  structure  and  the  ecaling  factor  variation  of 
the  individual  elements  which  occurred  during  the  first  round  seriously 
affected  the  pre-snot  test  conditions  for  subtenant  testa. 

Because  of  insufficient  data  from  the  electronic  instrumentation 
(Tablet  7  fc  8),  no  estimate  of  the  degree  of  scaling  achWed  betveen  the 
maximum  deflections  of  the  various  test  structures  could  be  made.  However, 
the  gage  data  did  indicate  that  the  maximum  deflection  of  each  wall  vas  in 
the  order  of  magnitude  of  approximately  twice  the  permanent  deflection. 

This  is  an  indication  that,  for  the  magnitude  of  the  deflections  attained 
in  these  teats,  the  value  of  the  maximum  deflection  and  not  only  the  permanent 
deflection  must  be  considered  in  determining  the  potential  energy  developed 
oy  each  wall  in  resisting  t,he  applied  blast  loads. 
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TABLE  6  -  MAXIMUM  PERMANENT  DEFLECTIONS 
OBTAINED  BY  MEASUREMENTS 


STRUCTURE 

ROUND 

BACK  WALL  DEFLECTIONS  ( in . ) 

F.S.  DEFLECTION 

DONOR  PANEL 

RECEIVER  PANEL 

' "  "  \y) 

MODEL  DEFLECTION 

1 

0.19 

0.08 

12.7 

One-Tenth 

2 

1.19 

0.50 

2.2 

Scale 

3 

(1) 

(1) 

- 

1 

■mi 

0.13 

9.0 

One -Eighth 

2 

0.50 

5.0 

Scale 

3 

1.25 

1 

1.50 

*  0.13 

2.1 

One-Fifth 

2 

2.25 

0.25 

2. It 

Scale 

3 

(1) 

(3) 

- 

1 

1.02 

0.13 

2.0 

One-Third 

2 

3.31 

0.25 

1.7 

Scale 

3 

(1) 

1.13  (U  > 

- 

1 

2.18 

1.25 

1.0 

Full 

2 

It. 00 

1.07 

1.0 

Scale 

3 

(l! 

(1)  Wall  failed 

(2)  Deflection  to  small  to  measure 

(3)  Just  beyond  incipient  failure 

(It)  Scaled  charge  weight  smaller  than  used  in  other  model  tests. 
(5)  Deflection  is  sum  of  donor  and  receiver  panel  deflections. 


TABLE  7  -  MAXIMUM  DEFLECTION  OBTAINED  FROM 

ELECTRONIC  DEFLECTION  GAGE  MEASUREMENTS 


STRUCTURE 

ROUND 

BACK  WALL  DEFLECTIONS  (in.) 

DONOR  PANEL 

RECEIVER  PANEL 

One-Fifth 

Scale 

1 

2 

3 

(1) 

:.3 2 
(2) 

(1) 

1.25 

2.20 

One-Third 

Scale 

1 

2 

3 

<2.50  (3) 
1*.87 
(2) 

0.28 

0.91 

3.00 

_ 

(M 

(U) 

Full  Scale 

2 

7.30 

3.60 

(5) 

3 

(2) 

(2) 

(1)  Electrical  leads  cut  by  debris 

(2)  No  instrumentation  used 

(3)  Max.  deflection  beyond  range  of  recorder 
( L )  Record  did  not  function 

(5)  See  Table  6  for  other  deflection  Deasurenents 
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TABLE  8  -  MAXIMUM  DEFLECTION  -  SECOND  ROUND- FULL  SCALE  BAY  TEST 


— 

GAGE 

TIME  (ms) 

■  . . .  "  "  '  —  ■'  1 

DEFLECTION  (in.) 

1 

20 

3.0 

2 

?9 

7.3 

3 

3^ 

3.6 

k 

29 

3.6 

5 

40 

1.1* 

6 

21* 

6.2 

7 

20 

5.0 

8 

U) 

(1) 

9 

35 

26 

10 

20 

5.5 

11 

3J 

1.1 

12 

(1) 

(1) 

13 

26 

3.0 

U 

3* 

0.3 

15 

76 

0.9 

16 

(1} 

(1) 

17 

3Q 

0.7 

18 

56 

0.8 

(1 )  Ho  reading 

(2)  S#e  Fig..  13  fof  gsige  locations. 


Strain  Measurements — Sevei  gages  (vhose  attachment  positions 
are  indicated  in  Cable  9)  were  utilized  in  Round  1  of  the  tvo  larger 
scale  model  tests.  The  main  electrical  leads  to  the  1/3  scale  struc¬ 
ture  were  severed  by  flying  debris  close  to  the  cubicle  so  no  strain 
data  was  obtained  for  this  structure.  The  data  recorded  by  the  strain 
gages  of  the  1/5  scale  model  is  given  in  Table  9.  The  maximum  strain 
recorder  in  this  structure  occurred  at  the  top  of  the  donor  panel  of 
the  back  wall  where  it  intersects  with  the  side  wall.  Visual  results 
of  the  test  confirmed  this  to  be  a  point  of  maximum  strain.  However, 
other  sections  of  the  structure  where  gages  1  and  3  were  located 
probably  developed  strains  whose  magnitudes  were  in  the  order  of  or 
g-eater  than  that  of  gage  5.  Neither  gage  1  nor  3  functioned  during 
the  test.  Because  of  the  difficulty  in  obtaining  reliable  data  in 
the  first  rounds  of  these  tests,  strain  gages  were  not  used  in  sub¬ 
sequent  tests. 

Concrete  Fragments — Although  there  was  fragmentation  of  the 
floor  slab  at  the  onset  of  testing  of  each  structure,  the  formation 
of  concrete  fragments  from  the  walls  did  not  materialize  until  the 
final  test  of  each  structure  was  performed.  Wall  fragmentation  oc¬ 
curred  chiefly  in  the  back  wall  between  the  vertical  reinforcing  bars 
situated  at  the  sectior  of  failure.  As  the  horizontal  tension  rein¬ 
forcement  failed,  the  concrete  retained  by  the  failed  flexural  and 
lacing  reinforcement  was  ejected  from  the  structure.  Except  where 
complete  collapse  of  the  1/10  scale  model  (10,000  lbs.  full  scale 
equivalent)  took  place,  the  weight  of  the  concrete  rubble  was  small 
in  comparison  to  the  weight  of  the  wall.  Also,  the  velocities  of 
the  small  fragments  were  low.  This  is  indicated  by  the  results  of 
Round  3  of  the  1/10  model  teat  where  a  maximum  fragment  velocity  of 
<3l  fps  and  an  overall  average  fragment  velocity  of  T1*  fpa  (Table  10 ) 
were  produced. 

Photograph — The  moat  significant  use  of  camera  coverage  was 
documentation  of  blast  results  with  the  still  camera.  Motion  pictures 
of  the  structural  motion  and  concrete  fragments  were  not  practical 
since  the  dust  created  by  the  detonation  obscured  these  pictures. 


TABLE  9  -  SUMMARY  OF  STRAIN  GAGE  MEASUREMENTS 


MAXIMUM  STRAIN  INDICATED  ATTACHMENT*! ) 


Circuit  opened  before  gage  could  respond.  A 
0.19;  7  Billiseconds  after  detonation.  A 
This  gage  damaged  during  concrete  pouring.  B 
0.35;  k  milliseconds  after  detonation.  B 
2.LJ;  5  milliseconds  after  detonation  B 
No  output  recorded  from  this  gage.  B 
1.23J*;  3  milliseconds  after  detonation.  B 


A  -  Attached  to  side  of  vertical  reinforcing  bars 
B  -  Attached  to  top  of  horizontal  reinforcing  bars, 
second  row  from  top 
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SECTION  III 


ULTIMATE  CAPACITY  BAY  TESTS 


3-1  General 


The  bay  structures  t  sted  in  the  Scaling  Test  Series  withstood 
detonations  of  quantities  of  explosives  in  excess  of  the  2000  pounds 
of  HE  for  which  the  structure  was  originally  designed.  Therefore,  a 
supplementary  test  series  was  developed  to  evaluate  the  maximum  explo¬ 
sive  (quantity  of  explosive  which  will  produce  incipient  failure) 
capacity  of  the  structure. 

Two  composite  bay  models  were  tested  in  the  Ultimate  Capacity 
Series,  namely  a  1/10  and  1/8  scale  model.  The  design  of  these  two 
models  was  the  same  as  comparative  models  tested  in  the  Scaling  Test 
Series.  As  will  be  shown,  the  test  results  of  the  two  models  were 
significantly  dissimilar. 

To  determine  the  feasibility  of  utilizing  plain  reinforced  con¬ 
crete  in  lieu  of  composite  construction,  a  second  1/8  scale  model  of 
the  bay  structure  vas  designed,  built  and  tested.  This  second  1/8 
scale  model  had  the  seme  interior  cell  dimensions  as  that  of  the  com¬ 
posite  structure,  but  all  three  walls  were  constructed  of  plain  laced 
reinforced  concrete.  The  thickness  of  the  individual  walls  of  the 
model  was  6.5  inches  or  1  ft.  -  k  in.  full  scale.  Because  the  plain 
concrete  bay  was  designed  to  simulate  the  explosive  capacity  of  the 
composite  bay,  the  tests  of  these  two  models  were  performed  in  the 
same  manner. 

Table  11  lists  some  of  the  dimensions  of  the  three  models  as 
well  as  the  dimensions  of  the  full  scale  structure. 

Table  11 


TEST  STRUCTURE  DIMENSIONS  (FEErr ) 


Unit 

1/10  .Scale 
Composite 

1/8  Scale 

Full 

Scale 

Composite 

Plain 

Length 

1.0 

5.0 

5.0 

10 

Width 

2.0 

2.5 

2.5 

20 

Height 

1.0 

1.25 

1.25 

10 

Thickness 

0.8 

1.0 

i 

O.5I 

1 

8 
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The  damage  sustained  by  the  three  models  tested  in  the  Ulti¬ 
mate  Capacity  Test  Series  is  listed  in  Table 

3-2  One-Tenth  Scale  Composite  Bay  Teat 

The  1/10  scale  composite  model  vas  tested  in  a  fashion  simi¬ 
lar  to  that  used  in  the  performance  of  the  1/8  scale  model  test  of 
the  Scaling  Test  Series.  The  model  was  positioned  adjacent  to  the 
opening  in  the  side  of  a  steel  tunnel  used  for  recording  the  flight 
of  spalled  concrete  fragments.  The  explosive  used  in  the  1/10  scale 
t_st  consisted  of  2-5  pound  spherical  charges  of  Composition  B  {full 
scale  equivalent  of  10,000  pounds)  vhich  were  located  at  the  geometric 
center  of  the  cell  (Fig.  36). 

The  results  of  the  1/10  scale  test  are  shown  in  Figure  37. 

The  back  wall  and  floor  slab  solit  in  half  forming  separate  sections 
of  the  structure.  The-  space  between  the  two  sections  was  as  large 
as  10  inches  indicating  translation  of  each  section  in  the  direction 
of  its  respective  side  wall.  It  is  theorized  that  the  motion  imparted 
to  each  section  of  the  structure  was  produced  by  the  blast  loading 
acting  on  the  side  walls.  It  was  also  theorized  that  the  initial 
failure  of  the  back  walls  and  floor  was  produced  by  the  excessive 
tension  stresses  occurring  in  the  longitudinal  reinforcement  of  these 
elements  as  a  result  of  the  side  wall  reactions  imparted  to  these 
elements.  It  will  be  shown  later  that  the  above  failure  characteristics 
of  the  structure,  in  conjunction  with  the  fact  that  the  explosive 
quantity  used  in  the  te3t  was  too  large,  were  borne  out  by  the  results 
of  the  subsequent  1/8  scale  model  tests. 

3-3  One-Eighth  Scale  Composite  Bay  Test 

bike  the  1/10  scale  composite  cubicle,  the  1/8  scale  composite 
bay  was  tested  at  Picatinny  Arsenal.  However,  because  of  the  damage 
inflicted  on  the  smaller  model,  the  testing  technique  was  altered  to 
more  fully  simulate  a  multi-cubicle  arrangement.  Here,  a  buttress 
tie  system  (Figure  38)  for  both  the  floor  slab  and  back  wall  of  the 
model  was  used  to  resist  the  additional  tension  forces  in  the  back 
wall  produced  by  the  blast  loads  actingon  the  side  walls.  In  this 
system,  the  model  was  placed  partly  into  the  previously  mentioned 
opening  in  the  steel  tunnel  with  both  ends  of  the  back  wall  buttressed 
by  the  steel  plates  which  formed  the  donor  side  of  the  tunnel.  The 
3paces  between  the  ends  of  the  back  wall  and  tunnel  plates  were  shimmed 
to  form  positive  contacts.  In  addition,  a  rigid  steel  collar  was 
placed  around  the  slab.  The  spaces  between  the  collar  and  the  slab 
were  also  shimmed.  The  collar  plus  the  mass  afforded  by  the  side 
wall  of  the  tunnel  produced  the  required  strength  necessary  to  resist 
the  applied  loads. 
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IGURE  36  -  1/10  SCALE  TEST  SETUP 
10  LB.  CHARGE 


DONOR  SIDE 


not  reproducible 

..ECEIVKR  SIDE 

FIGURE  37  -  ONE  TENTH  SCALE  SAT  TEST  - 


FIGURE  38  -  SIMULATION  OF  MULTI-CUBICLE  STRUCTURE 
USING  STEEL  PLATE  TIE  SYSTS! 
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Because  of  the  improved  testing  arrangement,  the  1/8  acale 
model  was  found  to  be  capable  of  resisting  without  failure  the  blast 
effects  of  an  explosion  equivalent  to  7,500  lbs.  of  Composition  B. 

This  was  approximately  lOjf  less  than  the  ultimate  capacity  as  pre¬ 
dicted  by  the  pre-shot  analysis. 

As  in  the  case  of  the  smaller  model,  the  damage  to  the  back 
wall  of  the  1/8  scale  model  was  greater  than  that  sustfined  by  the 
side  walls.  Although  the  tension  reinforcement  at  the  supports 
(back  wall  panel  supported  by  the  base  slab  and  by  the  two  side  walls 
of  the  cubicle)  and  at  the  center  of  the  donor  panel  failed,  the  com¬ 
pression  steel  at  these  sections  remained  intact.  It  can  be  noted 
from  Figure  39  that  a  typical  concrete  yield  line  pattern  was  formed. 

The  receiver  panel  of  the  back  wall  remained  intact  with 
the  magnitude  of  the  panel's  deflection  indicating  less  than  in¬ 
cipient  failure  conditions.  Spalling  of  the  receiver  surface  of 
the  receiver  panel  did  occur  at  the  supports.  This  spalling  was 
attributed  to  the  high  compression  forces  which  crushed  the  con¬ 
crete  coyer  over  the  compression  reinforcement  (Figure  39). 

Figures  39  and  1*0  indicate  that  the  damage  to  the  side  walls 
of  the  1/8  scale  structure  was  nearly  as  severe  as  that  sustained  by 
the  side  walls  of  the  1/10  scale  model  even  though  a  somewhat  larger 
equivalent  explosive  was  used  in  the  smaller  model  test.  The  large 
degree  of  damage  to  the  1/8  scale  model  side  walls  was  attributed  to 
the  fact  that  the  structure  remained  intact.  Therefore,  all  the  energy 
imparted  to  the  side  walls  by  the  blast  had  to  be  absorbed  entirely 
by  the  walls  themselves.  In  the  case  the  1/10  scale  model,  a  portion 

of  the  applied  blast  loads  acting  on  the  side  walls  was  dissipated  by 
translation  of  the  two  sections  of  the  structure  after  the  back  wall 
failed.  Hence,  the  amount  of  blast  energy  to  be  absorbed  by  the 
flexural  action  of  the  model  was  reduced . 

The  results  of  the  1/8  scale  test  were  significant  insofar 
as  they  established  an  ultimate  single-shot  capacity  of  the  full  scale 
structure  equal  to  approximately  7,500  lbs.  However,  in  the  Scaling 
Test  Series  the  full  scale  structure  was  capable  of  resisting  without 
failure  the  effects  of  several  explosion*  whose  total  quantity  was  in 
excess  of  10,000  lba.  of  HE.  Furthermore,  the  full  scale  structure 
failed  when  subjected  to  the  effects  of  a  single  explosive  quantity 
of  7,500  lbs.  of  TUT.  The  reason  that  the  full  scale  structure  had 
a  larger  ult mate  capacity  under  a  multiple-shot  arrangement  than 
when  a  single  detonation  was  involved  was  because  the  total  kinetic 
energy  of  the  structural  elements  associated  with  the  blast  loads 
of  the  multi-shot  arrangement  was  less  than  the  emetic  energy  asso¬ 
ciated  with  a  single  shot  having  an  explosive  charge  equal  to  the  sum 
of  the  charges  used  in  the  multi-shots.  Also,  the  effects  of  the 
elastic  -ecovery  of  the  elements  contributed  to  the  increased  explosive 
capacity  of  the  structure  in  the  multiple  detonation  tests. 
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3-h  One-Eighth  Scale  Plain  Reinforced  Concrete  Bay  Test 


The  plain  reinforced  concrete  bay  was  also  tested  utilizing 
the  buttress-type  tie  system  described  for  the  composite  model.  The 
equivalent  explosive  quantity  used  in  the  test  vas  7,500  lbs.  of  Com¬ 
position  B<  The  results  of  the  test  are  shown  in  Figure  Ui. 

The  donor  and  receiver  surfaces  of  all  three  vails  were  severely 
spalled.  This  vas  significantly  different  from  the  resists  of  the  one- 
eighth  scale  composite  structure  test  where  only  the  donor  surfaces 
of  the  structure  sustained  spalling.  The  spalling  of  the  receiver 
surfaces  of  the  plain  concrete  structure  vas  primarily  a  result  of  the 
shock  trannlsslon  of  the  blast  loads  through  the  concrete.  Also,  the 
resultant  large  deflections  of  the  walls  also  contributed  to  the  produc¬ 
tion  of  the  concrete  spalls.  It  is  evident  from  the  comparative  results 
of  both  one-eighth  scale  structure  tests  that  one  would  expect  the 
production  of  larger  amounts  of  secondary  fragments  when  plain  concrete 
construction  is  used  in  place  of  composite  construction.  However,  in 
facilities  other  than  those  utilized  for  the  protection  of  personnel 
and/or  equipment,  the  possible  occurrence  of  spalling  will  not  be  a 
significant  factor  in  design. 

The  magnitude  of  the  post-shot  permanent  deflection  (measured 
at  the  center  and  top  of  the  hack  wall)  vas  1-3/k  inches  vhich  la 
approximately  70$  of  the  magnitude  of  the  deflection  predicted  by 
the  pre-shot  analysis.  Part  of  this  discrepancy  vas  the  fact  that 
the  strength  of  the  reinforcement  vas  approximately  30$  higher  than 
that  assumed  in  the  analysis.  The  remainder  of  the  differences  vhleh 
occurred  between  the  calculated  and  measured  deflection  say  be  attri¬ 
buted  to  the  inherent  conservatism  of  the  analytical  procedures  used 
for  design  of  plain  reinforced  concrete  elements. 

Based  upon  the  above  results,  it  appears  that  except  in  those 
cases  where  spsjlllng  la  a  problem,  plain  reinforced  concrete  construction 
will  be  as  useful  aa  composite  construction  in  the  design  of  atruct'ire* 
to  resist  the  effects  of  KE  explosions. 
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Geometrical  Scaling 


GEOMETRICAL  SCALING 


Certain  laws  of  similit”de  must  be  observed  to  insure  that  the 
model  test  data  can  oe  applied  to  the  prototype.  These  lavs*  in  turn, 
provide  a  means  for  designing  model  tests  and  for  correlating  and  in¬ 
terpreting  test  results. 

It  has  been  demonstrated  in  References  10  to  12  that  the  model 
law  for  high  explosives  can  be  determined  by  a  consideration  of  the 
equations  describing  the  motion  of  a  shocked  fluid.  In  essence,  thi9 
law  states  that  "pressure  and  other  properties  of  the  shock  wave  will 
be  .unchanged  if  the  length  and  time  scales  are  changed  by  the  same 
factor,  n,  as  the  dimensions  of  the  explosive  loading  source",  that  is: 
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«  nL 
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zn 
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where  L,  T,  and  V  are  dimensional  symbols  for  length,  time  and  charge 
weight,  respectively,  and  the  subscript  p  designates  the  prototype  and 
m  designates  the  model.  Since  the  density  scale  must  therefore  be 
unity,  the  scaling  factor  for  the  mass  of  the  explosive  is: 

Mp  -  n3MB  (It) 

where  M  is  the  dimensional  symbol  for  mass. 

It  has  been  shown  in  Reference  10  that  the  same  geometric  scaling 
which  governs  the  shock  transmission  process  also  provides  the  proper 
modeling  for  the  structural  response  to  the  pressures  generated  during 
the  blast  process.  The  motion  of  the  structure  due  to  the  applied  blast 
loads  is  expressed  by  Newton's  second  law,  F  •  Md)”*2!,  and  it  follows 
that: 


rp  *  d2Fb  (5) 

where  P  is  the  dimensional  symbol  for  force.  those  structures 
where  the  mode  of  action  is  primarily  in  the  plastic  range,  similitude 
between  the  model  and  the  prototype  systems  will  be  realized  when  the 
dimensionless  ratio  of  the  external  work  to  the  stored  strain  energy 
ia  the  same  for  both  systems,  that  is,  the  kinetic  energy,  associated 
with  the  momentum  of  the  structure,  imparted  by  the  blast  loads  will 
be  numerically  equal  to  the  strain  or  potential  energy  of  the  struc¬ 
ture  for  both  the  model  and  prototype  system*. 
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The  kinetic  energy  may  be  expressed  in  terms  of  the  impulse, 

I,  of  the  blast  loads  or  KE  ■  I^/2M,  where  the  impulse  is  a  function 
of  fores  and  *  'tw*.  Therefore: 

CKE)p  «  nJ(KE)m  (6) 

The  potential  energy  of  a  structure  is  numerically  equal  to 
the  area  under  its  resistance-deflection  curve  and, therefore,  is  a 
function  of  force  and  length.  Thus: 

(PE)  »  n3(PE)m  (?) 

On  the  basis  of  the  above  relationships,  it  may  be  concluded 
that  the  similarity  principle  which  applies  to  the  blast  loads 
applies  equally  well  to  the  modeling  of  the  structural  response  to 
the  transient  forces  generated  by  the  interaction  of  the  blast  waves 
and  the  structure.  Certain  limitations  do  appear  in  application  of 
these  scaling  laws.  The  rate  of  strain  associated  with  the  structural 
response  of  the  prototype  may  differ  significantly  from  that  of  the 
model.  This  variation  will  depend  on  the  model  site  and  differences 
in  the  materials  used  in  both  systems. 

According  to  the  scaling  laws,  the  strains  in  the  model  and 
prototype  are  identical  whereas  the  time  scale  for  the  model  is  1/n 
times  that  of  the  prototype.  Hence,  the  strain  rate  for  the  model 
is  1/n  times  that  of  the  prototype: 

dCm  *  „(l/n)  dCp  (8) 

dt  dt 

In  assessing  the  effects  of  strain  rate  on  model  response,  it  is 
first  necessary  to  predict  the  effect  to  be  expected  from  the  physical 
properties  of  the  materials.  Under  the  rapid  rates  of  strain  that 
occur  in  structural  elements  subjected  to  blast  loads,  both  the  re¬ 
inforcement  and  concrete  exhibit  higher  strengths  than  in  the  case 
of  statically  loaded  e.  ;raents.  Hence,  it  would  be  expected  that  the 
model  test  data  will  provide  an  over-estimate  of  the  storage  capa¬ 
bilities  of  the  prototype  since  the  model  is  strained  at  a  faster 
rate  and  thereby  has  "increased"  strength. 

It  is  apparent  that  strain  rates  are  gr  ater  for  smaller 
models  than  for  larger  models  at  the  same  maximum  levels  of  strain. 
Hence,  at  any  given  scaled  distance,  the  greater  the  effect  of  strain 
rate  on  similitude,  the  larger  the  scale  factor  n.  Since  the  effect 
is  to  "strengthen"  the  models,  maximum  strains  at  equal  scaled  dis¬ 
tances  will  be  less  for  smaller  models. 


For  sa&ll  values  of  n  (large  models),  the  difference  in  strain 
rate  effects  betveen  the  model  and  prototype  structures  should  be 
small,  so  that  approximate  coincidence  can  be  maintained  for  maximum 
strain  versus  scaled  distance.  Under  such  conditions  the  scaled  dis¬ 
tance  which  causes  incipient  flexural  failure  in  the  model  should  like¬ 
wise  cause  similar  failure  in  the  prototype.  Differences  betveen  the 
responses  will  become  more  pronounced  as  n  increases.  If  responses 
are  limited  to  the  elastic  range  strain  rate,  the  effects  should  not 
be  significant  regardless  of  the  scale  factor  since  the  elastic  modu¬ 
lus  of  the  reinforcing  steel  is  unaffected  and  that  of  the  concrete 
is  affected  only  slightly. 

Another  limitation  imposed  by  the  scaling  lavs  is  due  to  the 
invariance  of  gravitational  forces  which  will  distort  the  scaling 
effects  for  parameters  such  as  dead  loads  and  distances  traveled  by 
fragments.  In  blast-resistant  design  the  effects  of  dead  loads  and 
other  such  physical  parameters  will  usually  be  small  in  comparison  to 
the  effects  of  the  blast  environment  and,  therefore,  may  usually  be 
neglected  in  the  model  design. 

With  the  "ideal"  scale  for  length,  time  and  force  (or  mass), 
it  is  possible  to  derive  an  ideal  scale  for  each  specific  parameter 
involved  in  the  model  design.  These  scales  are  obtained  by  proceed¬ 
ing  in  a  maimer  already  described  for  kinetic  and  potential  energies. 

A  summary  of  the  more  pertinent  quantities  and  their  ideal  scales  is 
presented  in  Table  A-l. 
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TABLE  A-l  -  COMPUTATIONS  OF  IDEAL  SCALES 


Quantity 

Symbol 

Typical  Units 

Ideal 

Scale 

Length  of  Slab 

L 

ft. 

L  ,L 
p/  m 

*  n 

Depth  of  Slab 

d 

ft. 

d  /d 
p  m 

*  n 

Are*  of  Slao 

A 

ft2 

A  /A 
p  m 

»n2 

Mas 3  of  Slab 

M 

lb-sec2/ft 

M  /M 

P  D 

-n3 

Area  of  Reinf. 

A 

s 

in2 

A  /A 

Sp  BO 

-n2 

Area  of  Reinf./ft. 

A' 

As 

in. 

KJA' 

ap  so 

■  n 

Unit  Resistance 

V 

lb/in2 

Vy» 

»  1 

Total  Resistance 

R 

lb. 

V". 

-n2 

Charge  Weight 

W 

lb. 

-n3 

Distance 

r 

ft. 

rp/r» 

»  n 

leaded  Distance 

Z 

ft/lbi/3 

V2. 

-  1 

Total  Impulse 

I 

lb-ms . 

V1* 

-n3 

Unit  Impulse 

i 

lb-as/in2 

i  n 

p  m 

*  n 

Scaled  Impulse 

r 

lb-«a/in2-lb1/3 

i/i 

p  m 

■  1 

Pressure 

p 

lb/in2 

P  /P 
p  o 

»  1 

Kinetic  Energy 

KE 

ft -lb. 

KT  /KE 

P  «■ 

-n3 

Density 

P 

2 

lb-sec  /ft 

Pp/P» 

»  1 

Elastic  Modulus 

E 

lb/in2 

E  /E 

p  a 

■  1 
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TABLE  A-l  -  COMPUTATIONS  OF  IDEAL  SCALES  (Cont'd) 


Quantity 

Symbol 

Typical  Unj.t.8 

Ideal 

Scale 

Deflection 

6 

in. 

6  ,6 
p  /  m 

■  n 

Monent 

M 

ft -lb. 

Mp/Mn 

•  n3 

Moment /ft. 

M 

lb. 

V*» 

2 

*  n 

Shear 

V 

lb. 

vp/vn 

2 

»  n 

Shear /ft. 

V 

Ib/ft 

V  /V 
p  m 

*  n 

Stress 

0 

lb/ in2 

a  /a 
p  m 

«  1 

Strain 

c 

in/in 

-  1 

Velocity 

V 

ft/aec 

vp/vm 

-  1 

Time 

t 

sec 

l 

t  /t 
p  m 

■  n 

it 

■  n 

Moment  of  Inertia 

I 

in 

V1. 

Frequency 

f 

cycles/sec 

Vf« 

•  1/n 
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appendix  b 

AIALISIfl  OF  DYNAMIC  RESPONSE  OF 
BACK  WALL  OF  FULL  SCALE  BAY  STRUCTURE 
(ROUND  NO.  1) 
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SECTIOM  B.l 


IXIRODUCTIOX 


1.  Qtntrtl 

This  structure  vu  designed  as  part  of  the  scaling  in¬ 
vestigation  test  3  of  tbs  bay-type  (eublcls)  explosive  structure 
utlllsiac  covposlte  vail  construction  (two  concrete  panels  separ¬ 
ated  by  sand  fill).  The  tests  included  eae-tenth,  one-eighth, 
and  one-third  scale  models  and  the  full  scale  structure.  The  full 
scale  structure  was  initially  tested  using  a  spherical  charge  of 
2,000  pounds  of  Cospoeltion  B  located  at  the  center  of  the  cubicle. 
Three  subsequent  tests  were  performed  on  thr-  same  structure  using 
spherical  charges  of  3,000  pounds  of  Cosqpcsition  B  in  the  second 
round,  end  5,000  and  7,500  pounds  of  TOT  in  rounds  three  and  four, 
respectively. 

The  data  presented  in  thie  appendix  pertains  to  the 
analysis  of  the  dynamic  response  of  the  back  wall  resulting  from 
the  2,000  pound  test  (Hound  lo.  1). 

2.  Method  of  Analysis 

In  general,  the  analysis  of  n  structure  subjected  to 
I.  X.  type  blast  loadings  may  he  baeed  on  the  solution  of  the 
equation  of  motion, 

F  -  R  -  Ma 

where  P  is  the  applied  blast  force,  X  is  the  resistance  the  struc¬ 
ture  offers  against  motion,  M  is  the  mass  of  ac  equivalent  single- 
degree-of-freedom  system  and,  a  le  the  acceleration  of  the  mass. 
This  equation  of  motion  can  be  readily  solved  by  any  of  several 
numerical  integration  as t bods.  The  method  eaplcyed  in  thie  appen¬ 
dix  for  analysing  the  response  of  th*  back  wall  is  the  sesd- 
graphical  method  of  analysis  described  in  Reference  B-l  which 
provides  the  analytical  naans  of  obtaining  th  applied  blast  force 
and  the  associated  structural  response  of  the  member. 

To  evaluate  the  test  results,  a  prorad^re  for  the  struc¬ 
tural  analysis  was  developed  whereby  the  potential  energy  of  the 
resisting  elsment  was  determined  and  then  compared  to  the  kinetic 
energy  of  the  elsssent  induced  by  the  applied  blast  lc^ls.  The 
applied  blast  loading  was  obtained  utilising  the  procedures  of 
Reference  b-l  which  are  baeed  on  sesd-empirical  data  developed 
from  impulse  load  tests  previously  performed.  The  structure 
response  (potential  energy)  on  the  other  hand  was  calculated  us¬ 
ing  the  analytical  relationships  presented  in  Reference  B-l. 
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However,  to  solve  these  relationships,  values  for  sons  of  tl-e  terms 
involved  were  ascertained  from  the  test  data.  for  example,  the 
ultimate  flexural  and  shear  capacities  of  the  vail  panels  were 
based  on  the  results  of  tension  tests  of  the  reinforcing  steel  and 
cosqpression  tests  of  concrete  cylinders.  In  addition,  the  deflec¬ 
tion  criteria  required  for  the  solution  of  the  structure  response 
equations  was  obtained  from  electronic  deflection-time  measurements 
taken  during  the  test.  This  data  in  combination  with  density 
measurements  of  the  sand  fill  was  sufficient  to  specify  the  over¬ 
all  structural  response  of  the  composite  vail. 

The  above  test  evaluation  procedure  differs  from  most 
test  evaluation  methods  in  which  overall  test  results  ere  compared 
with  similar  data  obtained  by  analytical  means.  This  variation  in 
procedure  was  predetermined  by  the  solution  of  the  response  of 
composite  vails  vhich  requires  that  the  response  of  the  Individual 
panels  be  known  before  the  response  of  the  overall  vail  can  be 
evaluated. 


SKTIOB  B.2 


APPLIED  BLAgT  LOAD IIP 


1.  general 

At  does  distance*  from  high  axplosivs  detonations,  the 
peak  pressure*  <uioeiated  with  tbs  shock  front  are  ext  rawly  high 
and  tbs  duration  of  tbs  blast  wars  is  relatively  short,  thereby, 
producing  aa  inpul as  (area  under  pressure-time  curve)  loading  in 
sfclch  tbs  actual  prcsaura-tlme  relationship  is  not  required  for 
the  analytical  solution  of  the  structure  response. 

When  an  explosion  occurs  vithin  a  cubicle,  amplification 
of  the  initial  shock  front  due  to  reflections  vithin  the  structure 
occurs.  At  any  given  point  on  a  particular  surfhea,  the  total 
iapulae  loading  is  a  combination  of  the  contributions  frost  the 
Initial  ehock  end  fron  the  shock  reflected  frou  adjacent  surfaces. 

A  aethod  of  calculating  the  average  blast  lnpulsa  (Refer¬ 
ence  B-d)  vas  developed  using  a  theoretical  procedure  based  on 
seal  nspirical  blest  data.  The  total  reflected  inpul  see  acting  at 
various  points  on  each  surfaca  of  the  cubicle  vers  calculated  and 
than  lntagrated  to  obtain  the  total  inpulse  load.  The  total  im¬ 
pulse  vas  assumed  to  be  distributed  uniformly  giving  an  average 
value  of  the  inpulse  eating  on  any  one  surface. 

The  use  or  the  average  Impulse  load  in  based  on  the  assump¬ 
tion  that  the  structural  alcmast  subjected  to  the  hirst  fading  Is 
capable  of  transferring  the  localised  high  shear  stresses  produced 
by  the  high  intensity  ana  hi ''hi;  irregular  blast  loads  to  regions 
of  loser  e trees,  for  the  case  at  band,  vbare  the  concrete  portions 
of  the  structure  are  reinforces  vjth  lacing,  this  shear  transfer 
vill  take  place. 


2.  Average  Impulse  IgjA 

assn  PKswssa 

The  average  impulse  load  acting  on  an  element  of  a  cubicle- 
type  structure  la  a  function  of  the  configuration  and  else  of  the 
structure,  and  the  else,  type,  shape  aad  location  of  the  explosive 
vithin  the  structure.  The  cubicle  configuration  a»d  charge  loca¬ 
tion  parameter*  are  given  in  Figure  B-l, 
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SECTION 


FIGURE  B-l 

CUBICLE  CONFIGURATION  AND  CHARGE  LOCATION  PARAMETERS 


Clmrge  Characteristics 

Tjm  impulse  load  charts  of  Reference  B-l  wn  prepared 
besed  on  the  blast  output  of  bare  spherical  TNT  charges.  However, 
the  data  nav  be  extended  to  other  explosives  with  various  sh^p?e 
by  equating  their  blast  output  to  that  of  TIT,  that  is,  obtaining 
the  TNT  equivalent  of  the  explosive  in  question.  Equivalent  weight 
ratios  (weight  of  given  explosive  to  that  of  TNT)  for  both  peak 
pressure  and  impulse  are  given  In  Table  4-1  of  Reference  B-l. 

Since  the  actual  charge  is  spherical,  shar'e  is  not  a  factor 
in  determining  ite  equivalent.  Hence,  for  an  Impulse  loading  the 
TIT  equivalent  of  the  2,000  pound  charge  of  Composition  B  is; 

W  «  2000  (1.06)  -  2120  lbs 
Charge  Location  Parameters 

Normal  Distance  to  Back  Wall  -  R^  ■  10  ft 

Height  of  Charge  -  h  ■  5  ft 

Location  Relative  to  Side  Vail  -  i  ■  20  ft 

Structural  Character j-tlcs 


Type  -  element  with  three  adjacent 
reflecting  surfaces  (I  «  3) 

Length  -  L  ■  40  ft 
Height  -  H  •  10  ft 

Papulae  Load  Chart  Parameters 

The  required  chart  parameters  are  Meted  in  Figure  4-1$  of 
Reference  IWL. 


0.778  ft/lb  *4 


Z 


A 


t  .  20 
L  "  40 


0.5 


h 

H 


0.5 


L  40 
H  "  10 


4 


Blast  Impulse  Load 

The  blast  impulse  load  acting  on  the  back  vail  ia  deter¬ 
mined  from  Figure  4-51  of  Reference  B-l  (see  Figure  4-16  of  Ref¬ 
erence  B-l  for  H  ■  3,  h/R  «  0.5  and  l/L  »  0.5).  Interpolation  is 
required  for  Z  ■  0.778  and  L/H  ■  4. 


Interpolation  for  Z^  and  L/H 


The  scaled  impulse  is  obtained  from  Figure  4-51  for  the 
required  L/R^  for  various  values  of  Z^  and  L/H.  These  values  are 

presented  in  Table  B-l  and  plotted  in  Figure  B-2.  For  the  required 
L/H,  scaled  impulses  are  read  from  Figure  B-2,  tabulated  in  Table  B-l 
and  plotted  in  Figure  B-3. 


TABLE  B-l 


0.75 

1.50 

3 

6 

„u> 

0.35 

640 

775 

1520 

2050 

1840 

0.50 

395 

495 

050 

1090 

990 

0.75 

224 

328 

465 

565 

515 

1.00 

153 

215 

305 

350 

335 

1.50 

ioa 

127 

175 

203 

191 

3.00 

59 

67 

81 

88 

85 

(1)  From  Figure  B-2 


-95- 


SCALED  UNIT  BLAST  IMPULSE 


SCALED  UNIT  BLAST  IMPULSE  ib/W,/3  (psi-ms/lb.,/3) 


SCALED  NORMAL  DISTANCE  ZA(ft./lfc,/3) 


FIGURE  B-3 

INTERPOLATION  OF  SCALED  UNIT  BLAST  IMPULSE  FOR 


9T 


Average  Impulse  Load 


From  Figure  B-2  for  ■  0.778, 


—  ■  4B5  psi-ms/lb1* 
w'4 


3.  Duration  of  Applied  Load 

The  duration  of  the  applied  pressure!  acting  on  the  entire 
element  Is  estimated  by  adding  the  time  increments  corresponding 
to  the  time  required  for  the  blast  vave  to  fully  engulf  the  ele¬ 
ment  and  the  duration  of  the  blast  losd  at  the  section  of  the 
element  furthest  removed  frost  the  explosion.  This  relationship  is 
represented  by  Equation  4-1  of  Reference  B-l: 


where: 


t 

o 


“aV  -  >Va  ♦  1-5  <*o>r 


<Vf 


1Va 


1Vf 


duration  of  load  (ms) 

arrival  time  of  the  blast  vave  at  the  point 
on  the  element  furthest  from  the  explosion 
(ms) 

arrival  time  of  the  blast  vave  at  the  point 
on  the  element  nearest  to  the  explosion  (ms) 
duration  of  the  blast  pressure  at  the  point 
on  the  element  furthest  from  the  explosion  (ms) 


The  arrival  time  of  the  blast  vave  for  the  two  points  of  interest 
as  veil  as  the  duration  of  the  load  at  the  furthest  point  on  the 
element  are  obtained  from  Figure  4-5  of  Reference  B-l. 


Arrival  Time  and  Load  Duration  at  Furthest  Point 


R  «  x/UO)*  +  (5)* 


z  .  A-  - 

JitSL.  . 

v'* 

(2120)W 

t. 

-  0.21 
v'* 

ns/lb'4  .*. 

t 

-7  -  0.119 
w'4 

ms/lb^ 

♦  (20)  -  22.9  ft 

1.78  ft/lb'* 

t.  -  0.21  (2120)^ 

A 

t  -  0.119  (2120)'* 


2.70  ms 


1.53  ms 


Arrival  Tine  at  nearest  Point 


ZA  -  0.77«  ft/lb* 

1 

~  ■  0.0i*9  na/lb'*  tA  *  0.01*9  (2120)^  - 

Duration  of  Load  on  Back  Wall 

tQ  -  2.70  -  0.63  *  1.5  (1.53)  -  U.37  Da 


O.63  ma 


SECTION  B.3 


IMPULSE  CAPACITY  OF  BACK  WALL 


1,  General 


Strength  Criteria 

The  ultimate  strength  of  the  back  wall  was  calculated  in 
accordance  with  ultimate  strength  theory  (Reference  B-l )  using 
average  stresses  obtained  from  post-shot  compression  cylinder  and 
reinforcement  bar  tension  tests.  The  average  ultimate  compres¬ 
sive  strength  of  the  concrete  cylinders  vas  h,935  psi.  The  re¬ 
inforcing  steel  was  high-strength  reinforcing  bars  conforming  to 
ASTM  specification  Abl5  Grade  6 0  and  had  static  yield  and  ultimate 
stresses  as  shovn  in  Table  B-3. 

Under  the  rapid  rates  of  strain  which  occur  in  structural 
elements  subjected  to  blast  loads,  both  the  reinforcement  and  the 
concrete  exhibit  higher  strengths  than  when  the  element  is  loaded 
slowly  (static  condition}.  The  ratio  of  the  dynamic  to  static 
stresses  is  known  as  the  dynamic  increase  factor  1D1F}. 

In  flexural  members  the  above  increase  in  capacity  is 
primarily  a  function  of  the  rate  of  strain  of  the  reinforcement 
and  in  particular  the  time  required  to  yield  the  reinforcing  steel. 
Therefore,  to  establish  the  dynamic  stresses,  the  static  deflection 
at  yield  vas  calculated  for  the  wall  panels  using  the  average  yield 
stresses  of  the  reinforcement  and  the  average  static  ultimate 
compressive  strength  of  the  concrete.  This  deflection  was  t;  -n 
compared  to  that  of  the  deflection-time  history  obtained  from  the 
test  to  determine  the  time  to  reach  yield  for  each  panel.  The 
times  to  reach  yield  were  then  utilised  to  determine  the  dynamic 
increase  factors  (References  B-2  and  B-3)  for  each  panel.  In  this 
example  the  time  to  reach  ultimate  strength  of  the  concrete  was 
assumed  equal  to  the  time  to  reach  yield  of  the  reinforcing  steel. 

For  an  element  which  responds  in  the  plastic  range,  the 
magnitude  of  the  reinforcement  stresses  in  the  strain  hardening 
region  cannot  be  related  directly  to  the  strains.  However,  an 
average  stress  can  be  estimated  by  approximating  the  energy  ab¬ 
sorbed  in  the  post-yield  and  strain  hardening  regions  of  the  rein¬ 
forcement  (Pigure  B-U). 

For  the  problem  at  hand,  the  above  approximation  of  the 
average  stress  vas  achieved  by  relating  the  average  stress  to  the 
deflection  of  the  wall  panel  according  to  the  procedure  of  Ref¬ 
erence  B-l. 
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Deflection 


FIGURE  R-4 

IDEALIZED  RESISTANCE-DEFLECTION  CURVE  OF  WALL  PANEL 


The  ultimate  dynamic  resistance  of  each  panel  vas  calcul¬ 
ated  using  dynamic  stresses  (static  stress  multiplied  by  dynamic 
increase  factor)  for  both  the  concrete  and  reinforceawnt.  Dynamic 
yield  stresses  for  the  reinforcement  vere  used  for  the  receiver 
panel  since  the  panel  deflected  in  the  post-yield  range.  However, 
since  the  donor  panel  deflected  in  the  strain  hardening  region, 
an  average  dynamic  stress  vas  used  to  approximate  the  energy  ab¬ 
sorbed. 


Tne  shear  capacity  of  each  panel  vas  checked  to  determine 
if  the  ultimate  dynamic  flexural  strength  vas  fully  developed. 
Although  the  ultimate  shear  capacity  of  an  element  may  be  increased 
due  to  rapid  strain  rates,  the  effects  of  rapid  straining  vere  not 
considered  for  either  the  concrete  or  lacing  reinforcement  due  to 
a  lack  of  data  pertaining  to  the  Increase  in  strength. 

Dynamic  Analysis 

The  semi-graphical  method  of  analysis  as  presented  in 
Reference  B-l  is  used  to  solve  the  equation  of  motion  and,  there¬ 
by,  obtain  the  dynamic  response  of  the  back  vail.  In  this  method 
it  is  assumed  that  the  fictitious  positive  phase  duration  of  the 

load  (t  )  is  small  In  comparison  to  the  time  the  wall  takes  to 
o 

reach  its  maximum  deflection  (t  },  This  assumption  is  verified 

s 

in  subsequent  sections.  Therefore,  the  flexural  capacity  which 
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an  element  raurt  develop  to  resist  the  applied  blast  load  may  be 
obtained  by  equating,  the  initial  kinetic  energy  resulting  from  the 
applied  blast  Impulse  to  the  potential  energy  of  the  element  (Fig* 
ure  B-5). 


FIGURE  B-5 

IDEALIZED  PRESSURE-TIME  AKD 
RESIST AKCE-TIMT  CURVES 


Based  upon  the  above  aethod ,  the  basic  relationships  for 
this  analysis  aret 

F  -  R  •  MX 

/(P  -  F)dt  -  fH dv 

I  ■  Mv 

K.E.  -£>***•  ^ 

P.E.  -  r(RX) 


— 1  -  >  3— 


where: 


F  ■  allied  load  (lua) 

R  »  resistance  of  the  element  opposing  the  load  (lbs) 

M  ■  effective  mass  (single-degree-of-freedom  system) 

of  the  element  (lb-sec*  per  ft) 

X  *  acceleration  of  the  mass  (ft  per  sec*  ) 
t  »  time  (sec) 
v  «  velocity  (fps) 

1  ■  impulse  load  acting  on  the  element  (lb-sec) 

K.E.  »  Kinetic  energy  of  the  element  produced  by  the 
applied  loads,  (lb-ft) 

P.E.  *  potential  energy  of  the  element  (lb-ft) 

X  *  maximum  deflection  (in) 

By  equating  the  kinetic  energy  to  the  potential  energy  of 
the  vail,  the  equati  n  for  the  impulse  absorbed  by  an  element  due 
to  flexure  becomes: 

I*  -  2  E(MRX) 

While  the  unit  impulse  absorbed  is: 
i*  *  2  E(m rX) 

where  the  values  of  m  and  r  are  the  mass  and  resistance  per  unit 
area  of  the  vail. 

For  the  solution  of  the  above  equation,  the  actual  element 
is  replaced  by  a  single-degree-of-freedon  system  whose  dynamic 
properties  consist  of  the  mass,  resistance  and  deflection.  To 
obtain  a  single-degree-of-freedom  ./stem,  the  naae  of  the  element 
is  replaced  by  an  equivalent  mass  while  the  d  lection,  ic  the 
expression  .'or  the  potential  energy,  is  that  which  occurs  at  the 
point  on  the  wall  undergoing  the  largest  displacement.  The  resis¬ 
tance  (r)  is  the  bending  resistance  provided  by  the  actual  element 
resulting  from  dynamic  straining. 

Because  the  beck  vail  of  the  bay  structure  is  of  composite 
construction  (two  concrete  panels  separated  by  sand  fill),  a  por¬ 
tion  of  the  blast  impulse  load  is  absorbed  by  dispersion  (with 
distance)  in  the  concrete  and  aaad,  and  by  compression  of  the  sand. 
This  attenuated  impulse  is  calculated  in  accordance  with  the  pro¬ 
cedures  of  Reference  B-l, 
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Structural  Properties  of  Wall  (Figure  B-6) 


Properties  of  Re  i  afore  sacnrt 

TAliLE  B-2 


Bar 

Size 

Direction 

Spacing 

(in.) 

Area/?oct 
(Sq.in./ft. ) 

5  (1) 

E.  W. 

0.625 

0.31 

Varies 

■m 

7 

Vert. 

0.875 

0.60 

9.93 

9 

Vert. 

1.128 

1.00 

10.13 

7 

Horiz. 

0.875 

0.60 

10.13 

0.712 

9 

Horiz. 

1.128 

1.00 

10.13 

1.183 

(1)  Lacing  (shear)  reinforcement 

Effective  Slab  Depth  (d) 

Total  panel  thickness  (T= )  ■  2k. 0  in. 

Concrete  cover  •  1.375  in. 

d  (Ho.  7  Vertical)  -  2k.O  -  1.375  -  0.k37  -  22.138  in. 
d  (No.  9  Vertical)  •  2k. 0  -  1.375  -  0.56k  -  22.061  in. 
d  (No.  7  Horizontal)  *  2k. 0  -  1.375  -  1.128  -  0.k37 

■  21.060  in. 

d  (No.  9  Horizontal)  -  2k. 0  -  1.375  -  1.128  -  0.56k 

«  20.933  in. 

Static  Stresses 
Concrete 

f*  ■  k935  psi  -  Average  of  28  day  concrete  cylinder 
c  tests 


Reinforcing  Bars 


TABLE  B-3 


Bar 

Size 

yield  Stress  ( f  ) 
(psi)  (1)  y 

Ult ,  Stress  (f  ) 
(psi)  (1)  U 

- -  -i 

Avg.  Stress  (f  ) 
(psi)  (2)  * 

5 

NMffRMH 

100,000 

70,990 

7 

9l),5bO 

73,000 

9 

108,000 

82,200 

\\\  *vera€*  stress  obtained  from  ten  (10)  test  specimens 

(2)  *  lfu  -  V/k 
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#7010.13  ,  ^.=#901013 


#  7@  9.9^^~  #  i0i3"  *t*^#  70  993 

FRONT  ELECTION 


SECTION  8  B 


FIGURE  B-6 

STRUCTURAL  PROPERTIES  OF  RACK  WALL 


3.  Static  Resistance  at  Yield  for  Each  Panel 


The  static  resistance  of  each  panel  when  yielding  of  the 
reinforcement  occurs  is  determined  by  use  of  yield  line  procedures 
(Ref.  B~l)  in  which  the  yield  lines  are  determined  from  the  con¬ 
dition  that  the  unit  resistance  must  be  equal  for  all  the  sectors 
formed. 


For  the  problem  at  hand,  the  wall  panel  is  divided  into 
sectors  1  and  II  by  the  positive  and  negative  yield  lines  (Figure 
B-7).  The  negative  yield  lines  form  at  the  edge  of  the  two-foot 
concrete  haunches  (Figure  B-7)  resulting  in  span  lengths  of  8  feet 
and  36  feet  in  the  vertical  rod  horizontal  directions,  respectively. 
Although  the  positive  yield  lines  must  be  symmetrical  due  to  the 
uniform  concrete  thickness  and  the  symmetrical  placement  of  th*- 
reinforcement  within  the  panel,  their  position  is  unknown  and, 
therefore,  is  given  by.  the  unknown  quantity  x. 


L-2x 


FIGURE  B-7 

ELEVATION  OF  BACK  WALL 
SHOWING  YIELD  LINE  PATTfflN 


The  unit  resistance  is  established  in  terms  of  an  unknown 
distance  x  for  each  sector  by  satisfying  the  equilibrium  require¬ 
ments  of  each  sector.  Considering  the  free  body  diagram  of  each 
sector  (Figures  B-ti  and  B~9J»  the  summation  of  the  moments  about 
the  a^is  of  rotation  is: 

R  c  «  ZMU  +  LM- 
u  N  P 

where: 

Ru  ■  r^  A  «  Total  static  resistance  of  the  sector  (Kips) 
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r  *  Unit  static  resistance  of  vail  panel  (Kips  per 
U  sq  ft.) 

A  *  Area  of  sector  (sq.ft.) 
c  »  Centroidal  distance  (ft) 

Mjj  ■  Total  negative  moment  capacity  of  sector  (Kip-ft) 

Mp  *  Total  positive  moment  capacity  of  sector  (Kip-ft) 

In  computing  the  total  moment  capacity  of  each  sector , 
corner  effects  must  be  considered.  The  corner  sections  are  stiff 
in  comparison  to  the  remainder  of  the  panel;  therefore,  straining 
of  the  reinforcement  vhich  is  associated  with  the  reduced  rotations 
at  these  sections  will  be  less.  This  variation  is  approximated  by: 
(l)  dividing  the  valx  panel  into  mid  and  corner  strips  defined  by 
the  lengths  x/2  and.  K/2  in  the  horizontal  and  vertical  directions, 
respectively  (Figures  B-ti  and  B-9),  (2)  taking  full  straining  of 
the  reinforcement  along  the  positive  and  negative  yield  lines  in 
the  mid  strips  in  both  the  horizontal  and  vertical  directions  and, 
(3)  assuming  the  reinforcement  along  the  positive  and  negative 
yield  lines  in  the  corner  strips  in  both  the  vertical  and  horizontal 
directions  is  strained  to  tvo-thirds  of  the  yield  strain  vhich 
occurs  in  the  mid  strip. 

The  moments  developed  along  the  yield  lines  are  a  function 
of  the  strains  produced  in  the  reinforcement.  The  #9  bars  in  *he 
mid  strip  yield  vhile  those  in  the  corner  Btrlp  are  strained  to 
tvo-thirds  of  the  yield  stress.  All  #7  bars  are  in  the  corner 
strip  and  they  are  strained  to  the  lesser  of  either  their  yield 
stress  or  tvo-thirds  of  the  yield  stress  of  the  #9  bars  in  the 
mid  atrip  (constant  modulus  of  elasticity).  The  moment  capacity 
per  foot  of  reinforcement  in  the  various  strips  for  either  positive 
or  negative  moments  in  either  the  vertical  or  horizontal  directions 
is  denoted  as: 

M  ■  moment  capacity  of  #9  bars  in  the  mid  strip 

M'  *  moment  capacity  of  §9  bars  in  the  corner  strip 

M"  *  moment  capacity  of  #7  bars  in  the  corner  strip 

Static  Stresses 

From  Table  B-3 

f  (No.  7  bars)  *  65,1^0  psi  ■  65. Ji*  ksi 

y 

f  (No.  9  bars)  -  73,700  psi  -  73.70  ksi 


f*  «  l»f935  psi  -  it. 935  ksi 

C 

Moment  Capacity  per  Foot  of  Relnforcea*nt 

Ultimate  moment  capacity  is  a  function  of  the  depth  of  the 
compression  stress  block  (a).  Therefore. 

Mu  ■ A.  fy(d  - !) 

where: 

A  f 

a  ■  o'  gc  of  compression  block  (inches) 

?  rc 

Ag  *  Area  of  reinforcement  (square  inches  per  foot) 
f  «  Yield  stress  of  the  reinforcement  (psi) 

y 

b  «  Width  of  one- foot-wide  strip  (inches) 

t'c  •  Ultimate  compressive  strength  of  the  concrete  (psi) 

Also,  if  the  negative  and  positive  reinforcement  is  the 
same,  then 

where: 

■  Ultimate  moment  capacity  of  the  negative 
reinforcement 

Mp  *  Ultimate  moment  capacity  of  the  positive 
reinforcement 

Vertical  Mo.  9  Bara 

/ull  Capacity 

a  *  0.65(12 11^935)  *  1,732  in* 

%i  *  Hyp  *  [22.061  - 

-  154.0  Kip-ft ./ ft . 
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Reduced  Capacity 


1.103(2/3) (73.7)  _  ,  . 

a  0.05(12)(4.935)  1,155  1 


^Vn  " 


hLL  [22.061  -  ilia] 


=  104.1  Kip-ft./ft. 


Horizontal  No.  9  Bars 


1.183(73.7) 


0.85(12)(4.935- 


1.732  in. 


M  O  M 
HN  HP 


-  ifM  [20.933  -  4*t] 
*  145.8  Kip-ft./ft. 


Vertical  No.  7  Bars 

The  No.  7  bars  are  stressed  to  tvo-thirds  of  the  yield 
stress  of  the  No.  9  bars  since  this  stress  is  lower  than  the  yield 
stress  of  the  No.  7  bars. 

•  ■  MM  ■  °-709  in- 

4  •  4  •  « [a.mg  -MS] 


64.9  Kip-ft./ft. 


Horizontal  No.  7  Bars 


*  ■  stSfjtyfBi}  ■  °-695  ln- 


H  it 

M  ■  M  a 
"HN  I{P 


T.M)  [a.060  -  2^2i] 


-  60.4  Kip-ft./ft. 

Unit  Static  Resistance  of  Sector  I  (Figure  3-0) 


Total  Moment  Capacity 


The  total  moment  capacity  of  a  sector  is  equal  to  the  sum 
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of  the  moment  capacities  of  all  the  reinforcement  crossing  the 
yield  lines  and  acting  perpendicular  to  the  axis  of  rotation 
(Figure  B-8). 

EMn  «  2(4.o8)(64.9)  +  2(|-  U . 08 ) ( 10U .  1 )  +  (36-x) (15M) 
■  5221*  _  1*9. 9x 

IMp  -  2(4.00)(64.9)  +  2(|  -  4.00) (104.1)  +  2(|)(154.0) 

=>  258. lx  -  320 

+  ZMp  «  4904  +  200. 2x 

and. 


Rnc  ■  ry  AQc  ■  11*1,-, 

ru[0C36_t  U6  -  2x3]  [8[36  ♦  2(36  -  2x)J  1 

L  2  L  3[36  +  (36  -  2x )]  J 

Static  Resistance 

RcaO  ■  ZM^* 


•  „  ,  11^.9  +  4.88a 

*  u  27  -  x 


(1) 


Unit  Static  Resistance  of  Sector  II  (Figure  0-9) 

Total  Moment  Capacity 

IMjj  ■  4(60.4)  ♦  4(145.8)  «  824.8  Kip-ft. 
IMp  •-  £Mn  ■  024.8  Kip-ft. 


LM. 


+  LMp  ■  1649,6  Kip-ft. 


and. 


H.  c  *  r  A.  c  •  r 
A  u  A 


Static  Resistance 


R.  c  »  EM. 
A  A 


m 


.  .r  * 
u 


1237.2 


(2) 
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Strip  r  £  rif 


Q.  LAYOUT 


b.  FREE  BODY  DIAGRAM 


FIGURt’  B-y 

LAYOUT  AND  FREE  BODY  DIAGRAM  OF  SECTOR  II 


Location  of  Yield  Lines 


Since  the  unit  resistance  of  all  sectors  must  be  equal, 

114.9  +  4.S8x  1237.2 

27-x  2 

x 

Simplifying: 

x3  +  : 3.55x2  +  253. -  6846  ■  0 

and  the  desired  root  i-  : 

x  -  10.89  ft.  1  ).?  in. 

Unit  Static  Resistance  at  Yield  for  Each  Panel 

The  unit  resistance  is  obtained  by  substituting  the  value 
of  x  into  either  equation  (l)  or  (2),  both  of  which  give: 

ru  *  10.43  Kips/sq.ft.  *  72.4  psi 


4.  Static  Resistance  -  Deflection 
Characteristics  of  Each  Panel 


In  the  elastic  range  of  response,  each  Danel  of  the  wall 
is  initially  fixed  on  three  adjoining  s„des  and  free  on  ti.e 
fourth  (top)  side.  As  the  panel  deflects  under  the  applied  cuast 
loads,  the  panel's  resistance  will  increase  uniformly  unti^.  yield 
hinges  are  formed  either  at  one  or  more  supports  and/or  at  tne 
interior  of  the  panel  depending  upon  the  length  to  height  ratio  of 
the  panel  and  the  amount  of  reinforcement  at  the  points  of  maximum 
stress.  After  this  first  yield,  the  panel  will  deflect  elasto- 
plastically  with  a  different  stiffness  (-esistance  versus  deflec¬ 
tion).  Tnis  charge  of  stiffness  will  occur  each  time  the  panel 
yields  until  yielding  occurs  at  all  points  of  maximum  stress  at 
which  time  a  flexural  mechanism  (ultimate  strength)  is  formed. 

The  resistance-deflection  curve  for  ti.e  '-laotic  and  elaato- 
plastic  action  of  the  panel  is  shown  in  Figure  13-10.  However, 
the  actual  curve  may  be  replaced  by  an  equivalent  curve  as  indi¬ 
cated  by  the  dotted  lines  in  Figure  B-10.  The  equivalent  maxi¬ 
mum  elastic  deflection  and  the  equivalent  stiffness  are  defined 


such  that 
under  the 
energy  in 


the  area  under  the  dotted  curve  is  equal  to  the  area 
solid  curve  and,  thereby,  producing  the  same  potential 
each  case. 


FIGURE  B-10 

ACTUAL  AND  EQUIVALENT  RESISTANCE  -  DEFLECTION  CURVES 


Figure  B-ll  shovs  the  critical  locations  P,,  and 

where  yielding  first  occurs  while  P  is  the  point  of  maximum 
deflection.  M  indicates  the  moment  capacity  in  the  vertical 
direction,  thexmaxiaum  being  first  developed  by  yielding  the 
reinforcement  in  the  donor  face  of  the  panel  at  P,.  M  indicates 
the  moment  capacity  in  the  horizontal  direction,  the  aLdmums 
being  first  developed  by  yielding  the  reinforcement  in  the  donor 
face  of  the  panel  at  P„  and  the  receiver  face  near  P  .  The  means 
for  calculating  the  various  stiffnesses  during  the  elastic  ana 
elasto-plastic  action  of  the  panels  is  given  in  Reference  B-l 
(Figures  5-14  thru  5-lb)  from  which  the  coefficients  (g  and  y) 
necessary  to  calculate  the  resistance  and  deflection  at  the  yield 
points  have  been  obtained  and  are  listed  in  Table  B-4. 
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FIGURE  B-ll 

ELEVATION  OF  WALL  PANEL  SHOVING  LOCATION 
OF  CRITICAL  POINTS  I!*  ULTIMATE  BENDING 
FAILURE 


Ultimate  Moment  Capacity  in  x  and  y  Direction* 

At  the  point!  of  maxinun  atreaa,  P  and  P  ,  the  vail 
reinforcement  conaiata  of  No.  9  bars  and,  therefore,  the  ultimate 
static  momenta  at  final  yield  are: 

Mx  *  “  15A*.°  Kip-ft/ft 

My  »  ■  l^S.S  Xip-ft/ft 


A.  i 


u 

o 


.> 

£ 


-117- 


Properties  at  First  Yield 


Unit  Resistance  (r)  Expressed  in  Terms  of  Wall  Height  (H) 


m  (p2)  *  “hh  *  l!"*8  B  °-57  r<p2)H2 


r(P  )  * 

H 


Mx(P3)  -  Mvn  «  154.0  -  0.4l5r(P3)H£ 
r(Pj  -  311 

J  r\ 


NOTE:  Because  r  (P  )<  r  (P  ),the  reinforcement  will 
yield  first  at  P^.  xherefore,  the  panel  will 
then  assume  a  simple-simple-fre®  “tifeneng. 


Unit  Resistance  at  First  Yield  at  (P^J 

r  -  r ( P  )  ■  ■  4.0  Kips/Bq.ft. 

*  2  (8)2 


Positive  Moment  at  P, 


Mp(re)  -  0.030  rfiH2  «  0.030(4.0) (8)2  »  7.7  Kip-ft./ft. 


Negative  Moment  at  P, 


M,.  (r  )  «  0.415  r  H2  -  0. 415(4. 0)(8)2 
He  e 


»  106.2  Kip-ft./ft. 


Deflection  at  P, 


X  El(P  )  *  0.085  r  H4  ■  0.085(4.0)(8)U( 144 ) 
el  e 

«  2.00  X  lCr  Kip-in' 


Properties  at  Second  Yield 


Change  in  Unit  Resistance  (hr)  Expressed  in  Terms  of  (H) 

My(Pl)  *  MHN  "  MP(re)  "  14^8  "  7,7  "  138a 
-  0.039  Ar  (P  )H2  /.  Ar(P  )  - 

H 
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Mx(P3)  -  My  -  MN(re>  -  154. 0  -  106.2  -  ’(7.8 
-  0.468  a.(p3)  h2  At(p3)  » 

H 

NOTE:  Because  r  (P_)  <  r  (P,  ),  the  reinforcenent  will 
yield  at  location  P~  6ext .  Therefore,  the  panel 
will  then  as«uae  a  simple-simple-simplc-free 
stiffness. 

Change  in  Unit  P.esistance  Between  the  First  and  Second  Yield 

Ar  ®  Ar(P.)  *  »  1.6  Kips/sq.ft. 

3  (8)2 


Change  in  Deflection  at  P^  Between  First  and  Second  Yield 

AX  El ( Px )  -  0.110  Ar  H4  -  o'.110(l.b)(b)4(144) 

«  1.04  X  105  Kip-in2 
Total  Deflection  at  P^ 

S  S  2 

X  EI(P  )  -  (2.00  +  1.04)10^  -  3.04  X  10^  Kip-in 
ep  1 

Total  Unit  Resistance 

r  ■  4.0  +  1.6  ■  5.6  Kips/sq.ft, 
ep 

Properties  at  Final  Yield 

Change  in  Unit  Resistance  Between  Second  and  Final  Yield 

Ar  ■  r  -  r  ■  10.43  -  5.60 
u  ep 

■  4.83  Kips/sq.ft. 

Change  in  Deflection  at  P^  Between  Second  and  Final  Yield 

AX  EI(P1)  «  0.80  Ar  H4  -  C . 30( u . 83 ) ( 8 ) ** ( l44 ) 

«  22.79  X  105  Kip-in? 
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Total  Deflection  at 

X  2I(P  )  »  (3.04  +  22.79)105  -  25.83  X  10''  Kip-in2 
P  1 

Total  Unit  Realatance 

■  10.1*3  Kipa/ao. ft. 

Determination  of  Deflection  at  Final  Yield  (Location  P^) 

Modulua  of  Elasticity 

E  ■  Modulua  for  Concrete 
c 

E  ■  Modulua  for  Steel 
a 

Ec  .  v1,5(33)v^  -  U50)1,5(33)  ^935 
-  4.27  X  106  pai  (Ref.  B-l) 

Ea  ■  29  X  10°  pai 


c 


Weighted  Percent  Reinforcement  (py)  For  Entire  Panel 


A 


w 


vhere : 

A  ■  Total  area  of  reinforcement  acting  along  supports 
S  (aq.  in.) 

b  *  Length  of  supports  (in.) 

■  Weighted  effective  depth  (in.) 

Therefore, 

■  0.00398  -  0. 398* 
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Cracked  Moment  of  Inertia  (1^) 

F  *  0.0195  (See  Figure  5-5  of  Ref.  &-1) 

I  -  Fbd3  •  0.0195(1)(21.75)3  «  200  ln^/in. 

Grose  Moment  of  Inertia 


I 


G 


1124^  „ 
12 


1152  inVin. 


Average  Moment  of  Inertia 

I  .  hgi.  .  200  i  HZ  -  676  inVln. 

a  2  2 

Deflection  at  Final  Yield  (Location  P^) 

X  EI(P  )  •  25.83  X  lu5  Kip-in2 
P  1 

x  .  2?-W  l  -  .  0.895  In 

p  c  a  (4.27  X  103)(676) 

Elastic  and  Elasto-Plastic  Deflections  (Location  P^) 

X  .  ?«.°  J  IP-1-  Co. 895)  -  0.069  in 

•  25.83  X  10* 

x  .  0.895)  «  0.105  in 

ep  25.83  X  10* 


Equivalent  Elastic  De fleetly  . 

Fro*  Equation  5-51  of  Reference  B-l: 


fa)  ♦  X  (x  .  Is)  ♦  X  ( 

1  . 1st) 

V.  /  T\  \  P  ' 

ru  / 

xe  •  °-o6il(^)  *  0'10i  ('  •  iHi )+  °-w;  (x  -  iHf ) 

Xg  «  0.516  «r. 
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5.  Dynamic  Increase  Factors  for  Each  Panel 


Ac  previously  mentioned,  the  increase  in  strength  of  both 
the  reinforcement  and  concrete  due  to  a  rapid  rate  of  strain  is  a 
function  of  the  tim^  to  reach  the  yield  stress  of  the  reinforcement. 

The  reinforcement  crossing  the  lines  of  maximum  stress 
(yield  lines)  reach  yield  stress  at  various  times;  the  negative 
reinforcement  at  the  side  supports  yields  first,  the  negative 
reinforcement  at  the  base  next  and  the  positive  reinforcement  at 
the  interior  of  the  panel  last.  Therefore,  the  dynamic  increase 
in  strength  will  vary  for  the  reinforcement  and  concrete  at  these 
various  locations. 

For  the  problem  at  hand,  an  average  dynamic  increase  factor 
is  obtained  for  the  reinforcement  and  concrete  of  each  panel.  This 
average  is  obtained  by  considering  the  maximum  equivalent  elastic 
deflection  as  the  deflection  necessary  to  y.eld  all  the  reinforcement. 

The  time  to  reach  yield  for  each  panel  is  obtained  by  com¬ 
paring  the  deflection  at  yield  (equivalent  elastic  deflection)  with 
the  deflection-time  history  of  each  panel  as  recorded  during  the 
test.  Unfortunately,  due  to  a  malfunction  of  the  electronic  gages 
during  Round  no.  1,  tne  deflection-time  history  recorded  in  Round 
Mo.  2  had  to  be  utilized.  This  data  (Round  Mo.  2)  would  produce  a 
conservative  estimate  of  the  time  to  reach  yield  of  the  panels  in 
the  first  round  as  can  be  seen  from  Figure  R-12  which  shows  the 
idealized  resistance-deflection  curve  of  a  concrete  element  sub¬ 
jected  to  multiple  loadings.  Therefore,  to  compensate  for  this 
conservatism,  the  static  deflection  has  been  used  to  determine 
the  time  at  which  each  panel  yields. 


FIGURE  B-12 

IDEALIZE)  RESISTANCE-DEFLECTION  CURVE  FOR  MULTIPLE  LOADINGS 
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The  complete  deflection-time  history  for  each  panel  of  the 
back  vail  as  measured  in  Round  No.  2  is  shovn  in  Figure  B-13.  An 
enlarged  section  of  the  initial  deflection-time  curve  for  each 
panel  is  shovn  in  Figure  B-lU. 

The  dynamic  increase  rectors  versus  strain  rate  for  the 
reinforcement  and  concrete  vere  obtained  from  References  B-2  and 
B-3,  respectively,  and  are  presented  in  Figure  B-15. 

Static  Deflection  at  Yield  for  Each  Panel 


X  -  X_  *  0.516  in 
y  n 

Time  to  Reach  Yield  (Figure  B-1U) 
Donor  Panel 

t  "  0.0026'  sec 

y 


Receiver  Panel 

t  -  0.0132  -  0.007  ■  0.0062  sec 

y 

Dynamic  Increase  Factor  for  Reinforcement  of  Each  Panel 


Strain  at  Yield 


f 

e  -  -L 

e  E 

8 


l^I°Q-r  -  0.00254  in/in 
29  X  10 


Strain  Rate 


Donor  Panel 


0.00251* 

0.0026 


0.977  in/ in/ sec 


Receiver  Panel 

*  *  t“  *  §7§§H^  *  °-Ul°  in/in/sec 

y 

Dynamic  Increase  Factor  (Figure  B-15) 

Donor  Panel 

DIF  ■  l.lOU 
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Gage  3 

(Receiver  Panel) 


I* —  t  of  Wall 


Gage  2 
(Donor  Panel) 


NOTE!  Attachment  Pointsfor  Gage 
Located  6  inches  Below 
Top  of  Wot! 


FIGURE  B-13 

DEFLECTION-TIME  HISTORY  OF  BACK  WALL 
(ROUND  No.  2) 


-1^- 


TIME  (sec.) 


FIGURE  B-lU 

EHLARGKD  SECTION  OF  DEFLECTION-TIME  CURVE  OF 
BACK  WALL  (ROUND  No.  2) 


125' 


FIGURE  B-15 

DYNAMIC  STRENGTH  OF  .'ONCRETT  AND  REINFORCEMENT 


Receiver  Panel 


DIF  »  1.093 

Dynamic  Increase  Factor  for  Concrete  of  Fach  Panel 


Strain  at  Ultimate  Strength 

—1221 


e  » 


Strain  Rate 


f 

c 


Donor  Panel 


4.27  x  10' 


0.00115  in/in 


"  r"  ffi#0,W?in/lB/ 

y 


sec 


Receiver  Panel 

£ "  r "  57^^'  *  °-185  in/in/sec 
y 

Dynamic  Increase  Factor  (Figure  B-15) 

Donor  Panel 
DIF  »  1.33 
Receiver  Panel 
DIF  -  1.264 


6 .  U 1 timate  Unit  Dynamic  Resistance  of  Donor  Panel 

The  ultimate  dynamic  reaiatance  of  the  donor  panel  is  cal¬ 
culated  in  the  same  manner  aa  the  static  resistance  except  that 
the  concrete  and  reinforcement  stresses  used  are  obtained  by  con¬ 
sidering  the  dynamic  action  of  the  panel. 

The  maximum  deflection  of  the  donor  panel  is  in  excess  of 
that  deflection  which  causes  a  support  rotation  of  two  degrees 
and,  therefore,  the  reinforcement  is  stressed  in  the  strain  harden¬ 
ing  region.  An  average  static  stress  was  obtained  to  approximate 
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the  energy  absorbed  according  to  the  procedure  of  Reference  B-l. 

This  static  stress  was  then  multiplied  by  the  dynamic  increase 
factor  to  obtain  an  average  dynamic  stress. 

It  should  be  nc.wa  that  e  small  reduction  in  moment  capacity 
occurs  due  to  the  large  deflection  of  the  donor  panel  (greater  than 
two  degrees  support  rotation)  because  the  concrete  in  the  compression 
zone  is  crushed.  As  the  concrete  fails,  the  compression  stresses 
are  transferred  (for  laced  reinforced  concrete  elements  only) 
from  the  concrete  to  the  compression  reinforcement.  Since  this 
reduction  in  moment  capacity  is  small,  its  effect  on  the  resistance 
of  the  panel  was  neglected.  The  ultimate  moment  capacity  was  cal¬ 
culated  considering  the  concrete  as  attaining  and  maintaining  its 
ultimate  dynamic  stress. 

Dynamic  Stresses  for  Concrete  and  Reinforcement 

Maximum  Deflection  of  Panel 


The  maximum  deflection  of  the  donor  panel  is  estimated 
from  Figure  B-13. 


X  «  6.1  in. 

m 

Panel  Rotation  at  Supports 


The  support  rotations  for  the  dynamic  action  of  the  panel 
are  approximated  by  considering  the  yi.ld  line  locations  which  were 
determined  for  the  static  resistance  of  the  panel. 


Static  Stresses  (Table  B-3) 


Reinforcement 


Fo  upport.  rotations  wit’ .in  the  range  2°  0<  5°,  the 
absorbed  energy  is  approximated  by  considering  tha  average  stress 
given  by: 


f 

s 


f 

a 


f 

y 


f 

y 


) 
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M  »Af. 
u  a  d& 


where: 


A  f . 
s  ds 

0.85  bf! 
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4  *  4 


0,726(2/3)(90.a) 


=  80.1  Kip- ft, /ft. 


22.188  -  2i|2Lj 


Horizontal  Mo.  7  Bars 


mm? 


0.6M  in 


%  .  4  .  2MM  r21.060  -  2fi  ] 


7^.5  Kip-ft./ft. 


Ultimate  Unit  Dyntmic  Resistance  of  Sector  I  (Figure  B-8J 


Total  Moment  Capacity 


“b  *  ^.08)(80.1)  +  2(|  -  U. 08)(128.5)  +  (36-x)(190.3) 
=  6U56  -  6l.8  x 


ZMp  -  2(1».08)(80.1)  +  2(|  -  1*.o8)(128.5)  ♦  2(|)(190.3) 
■  318. 8x  -  395 


EM^W  EM^  +  EMp  o  606l  +  257  X 


Rc»c  ■  r  Ac 

\X 


r  r  Qll6^(36-2x)]  1  r  0[36+2( 36-2x1 
“L  8  JL3  ^6+(36-2Dl 


Unit  Dynamic  Resistance 


R«c  -  EM< 
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] 


•  1^2.1  ±  S»02  x 

••  ru  *  27  -  x 


U) 


Ultimate  Unit  Dynamic  Resistance  of  Sector  II  (Figure  B-9) 
Total  Moment  Capacity 


£M„  -  4(lti0.2)  ♦  M7fc.5)  -  1019  Kip-ft 
EMp  ■  EMN  «  1019  Kip-ft. 

EM^  -  EMjj  ♦  EMp  ■  2030  Kip-ft. 


and, 


V 


V 


»  r 


Unit  Dynamic  Resistance 


R.c  -  EMa 
A  A 


(2) 


location  of  Yield  Lines 

Since  the  unit  r*siitance  of  all  the  sectors  must  be  equal, 

142.1  +  b.Q2x  1520 

2?  -  x  *2 
x 

Simplifying: 

x3  ♦  23.58x2  ♦  253.7*  -  6«50  -  0 

And  the  deaired  root  la: 

x  -  10.09  ft.  -  130.7  in. 
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Ultimate  Unit  Dyneuaic  Resistance 


The  unit  resistance  obtained  by  substituting  the  value 
of  x  into  either  equation  (l)  or  (2),  both  of  which  give: 

r^  ■  12,89  Kips/sq.ft.  ■  89.5  pai 


7.  Check  of  Shear  Opacity  of  Donor  Panel 

To  fully  develop  its  ultimate  dynamic  flexural  capacity, 
a  reinforced  concrete  element  must  fully  resist  the  high  shear 
stresses  produced  at  its  supports  by  the  applied  blast  loads. 

These  shear  stresses  are  a  function  of  the  elements 's  geometry, 
yield  line  locations,  and  flexural  resistance. 

The  shear  capacity  (diagonal,  tension)  of  the  donor  panel 
was  checked  at  the  critical  section  occurring  at  a  distance  d  from 
the  supports,  where  d  is  a  weighted  value,  according  to  the  pro¬ 
cedures  of  Reference  B-l.  The  shear  stresses  were  computed  at  the 
critical  section  for  the  panel's  ultimate  dynamic  flexural  resis¬ 
tance  and  corresponding  yield  line  locations  which  divide  the  panel 
into  Sectors  I  and  II.  Since  the  shear  is  assumed  equal  to  zero 
along  the  positive  yield  lines,  the  total  shear  force  for  each 
sector  at  the  critical  section  is  equal  to  the  resistance  times 
the  area  between  the  critical  section  and  the  positive  yield  lineB. 

To  account  for  the  higher  stiffness  of  the  corners,  the 
shear  along  the  supports  is  assumed  to  vary  in  the  same  manner  as 
the  moment.  Therefore,  the  shear  per  inch  along  the  critical  sec¬ 
tion  in  either  the  vertical  or  horizontal  directions  is  denoted  as: 

v  m  shear  in  the  mid  strip 

V'  ■  shear  corresponding  to  moment  capacity  of  #9 
bars  in  the  corner  strip 

V"  a  shear  corresponding  to  moment  capacity  of  #7 
bars  in  the  corner  atrip 

Shaar  resistance  is  provided  by  both  the  concrete  and  lacing 
reinforcement.  The  ultimate  capacity  of  the  concrete  and  the  shear 
resisted  by  the  lacing  were  calculated  in  accordance  with  the 
procedures  of  Reference  B-l.  An  increase  in  shear  strength  due  to 
rapid  ruts  of  strain  vas  not  considered  for  either  the  concrete  cr 
lacing  reinforcement  due  to  a  'ack  of  date  pertaining  to  the  in¬ 
crease  in  strength. 

It  should  be  noted  that  the  donor  panel  responded  in  the 
•train  hardening  region  of  the  flexural  reinforcement  and  the  naxi- 
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mum  shear  forces  produced  correspond  to  its  peak  dynamic  resistance 
(resistance  corresponding  to  the  maximum  dynamic  stress  attained 
in  the  reinforcement  in  the  strain  hardening  region).  However »  in 
this  analysis  the  shear  stresses  at  the  critical  section  were  cal¬ 
culated  based  on  the  equivalent  dynamic  resistance  rather  than  on 
the  peak  dynamic  resistance.  The  variation  in  shear  stresses  pro¬ 
duced  by  the  equivalent  and  peak  resistance  was  compensated  for  by 
utilising  an  average  stress  for  the  lacing  reinforcement  since  the 
lacing  will  also  be  stressed  in  its  strain  hardening  regies  The 
average  stress  for  the  lacing  reinforcement  was  obtained  h  relat¬ 
ing  the  average  stress  to  the  deflection  of  the  donor  panex  in 
accordance  with  the  procedures  of  Reference  B-l. 

Check  of  Shear  Capacity  of  Sector  I  (Figure  B-l6) 

Weighted  Effective  Depth  d^ 

The  weighted  effective  depth  is  taken  at  the  plane  1-1 

(critical  section  for  shear).  Thereiore,it  becomes  necessary  to 

first  assume  a  value  of  d  . 

v 

\ssume  d  ■  22.1  in. 

w 


Strip 

Length  (in) 

d  (in) 

Corner 

Mid 

Id. 9 

33b 

22.1dd 

22.061 

'Therefore, 


2( Id. 9) (22.18b)  ♦  33^(22.061) 
2(18.9)  ♦  33^ 


22.1  in 


Total  Effective  Shear  Force 

The  cotal  shear  force  acting  at  the  critical  section  {Plane 
1-1 )  is  equal  to  the  area  between  the  critical  section  and  the 
positive  yield  lines  times  the  ultimate  dynamic  flexural  resistance 
of  the  panel. 


£v  .  Aru  -  (89.5) 

»  1,79b, 000  lbs 


Shear  per  Inch .Along  Critical  Section 

The  unit  shear  force  is  assumed  to  be  proportional  to  the 
ultimate  dynamic  moment  capacity  at  all  sections.  Therefore, 


Hence , 


and. 


from  which 


1 

vdV 

V  ■ 

“vn 

II 

« 

OV 

V  * 

dV 

^Vn 

t 

V  ■ 

dV 

0.675 

VdV 

it 

V  ■ 

dV 

O 

• 

XT 

ro 

»-* 

VdV 

IV  - 

^dV 

♦  I 

a 

301.3 

VdV 

a 

339.3 

VdV 

V  a 

EV 

vdv 

339.: 

f 

Shear  Stress 

at  < 

VdV 

VuV 

bd 

w 

C 

120.5 

190.3 


aa.i 

190.3 


0.675 


0.421 


dV 


ii 

'dV 


dV 


dV' 


339.3 


iifkrr  • *»  p-1 


Ultimate  Shear  Stress  of  Concrete 


The  ultimate  shear  stress  for  concrete  as  given  by  Ref¬ 
erence  b-1  vith  the  capacity  reduction  factor  ♦  eliminated  is 

v  -  1.9  yft[  *  2500  p 
c  c 
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where : 


v  ®  ultimate  shear  stress  for  concrete  (r  i) 
c 

f  ■  ultimate  compressive  strength  of  concrete  (psi) 

p  »  p  *  weighted  percentage  of  reinforcement  at 

critical  section 


P  *  P. 


bd 


.  0.oo«a 

12(371. 8M22.1)  ' 


Therefore, 


v  »  1.9  \A935  ♦  2900(0.00428)  =  lh4  p3i 


Shear  Stress  Reaisted  by  the  Lacing  Reinforcement 

The  ultimate  ahear  stress  of  the  concrete  is  less  than  the 
shear  stress  produced  by  the  resistance  of  the  panel.  Therefore, 
the  lacing  reinforcement  must  resist  the  excess  stress. 

» 

v  ■  v  -  v  *  239  -  lM  *  95  psi 
uv  c 


Required  Cross-Sectional  Area  of  Lacing  Heinforcement 

The  required  area  of  lacing  reinforcement  as  given  by  Ref¬ 
erence  B-l  with  the  capacity  reduction  factor  eliminated  is 


v  f  (sin  a  ♦  cos  aj 

8 

where: 

A  ■  cross-sectional  area  of  lacing  reinforcement  in 

tension  within  a  vidth  and  a  distance  st(sq.  in.) 

v'  *  excess  shear  stress  resisted  by  lacing  reinforce¬ 
ment  (v>si) 

*  width  of  concrete  strip  in  which  the  diagonal 
tension  stresses  ore  resisted  by  lacing  of  area 
Ay  (in) 

s  *  spacing  of  lacing  in  the  direction  parallel  to 
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the  longitudinal  reinforcement  (in) 

f  ■  maximum  stress  permitted  on  lacing  reinforcement 
S  (psi) 

a  ■  angle  formed  by  the  plane  of  the  3acing  and  the 
plane  of  the  longitudinal  reinforcement  (degrees) 

The  angle  of  inclination  of  the  lacing  bars  (a)  is  obtained 
from  Figure  6-19  of  Reference  B-l 

where: 

*  distance  between  centerlines  of  lacing  bends 
measured  normal  to  flexural  reinforcement  (in) 

R^  *  radius  of  lacing  bend  (in) 

ti  *  nominal  diameter  of  lacing  bar  (in) 
o 


For  #5  lacing  bars, 
d 


t  -  2k  -  2^1.375  ♦  1.126  -  j  .  1Q.619  in 


i  .  2(10031  ,  1>Q3 
Id. 619 


note:  Lacing  bars  have  a  minimum  radius  of  bend  R .  •  3D 

l  o 


2R„  ♦  D 


0.223 


From  Figure  t>-19  of  Reference  B-l, 


a 


kl 


Q 


For  the  donor  panel,  f  *  f 


76,990  psi  (Table  ft-3). 


Therefore, 


-1 


0,175  eq.  in 


Ay  (req'd) 


95(10. 13)(20. 26) 
75,990(0.731  +  0.482) 


\  (provided)  -0.31  sq.  in.  >  Ay  (req'd) 

Check  of  Shear  Capacity  of  Sector  II  (Figure  ^17) 

The  analysis  for  determining  the  shear  capacity  of  Sector 
II  is  similar  to  that  of  Sector  I. 

Weighted  Effective  Depth  (d.^j 

Assume  d  »  21.0  in. 

v 


Strip 

Length  (in) 

d  (in) 

Mid 

Corner 

32.6 

1*8.0 

21.060 

20.933 

Therefore, 


d 

v 


20.933(1*8) 


♦  21.060(32.6) 

80.4 


K 


21.0  in 


Total  Effective  Shear  Force 


IV  -  Ar 


(89.5)  •  395,700  lb. 


Shear  per  Inch  Along  Critical  Section 


!dH  7*0 

VdH  *S« 


0.413 


Vdh  *  °*Ul3VdH 
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J 


b  SECTION  B-9 


FIGURE  H-17 

LAYOUT  OF  SECTOR  II  AND  LOCATION  OF  LACING  REINFORCUtENT 
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SV  «  I  V.M  ♦  £V.m  «  k*r.u  ♦  32.6  (0.413V  ) 


*  61  * 5  VdH 


£V_ 

dh  "  61.5 


,  6.410  lbs, /in. 


Maximum  Shear  Stress  at  Critical  Section 


VdH  6.430 

VuH  “  '  i  *  121.(57 

w 


306  psi 


Ultimate  Shear  Stress  of  Concrete 


D  »  5  *  ~  * 

p  bd 

w 


a  0.712(32.6)  ♦  1.183(46] 
d  *  ”12(80.^(21.0) 


0.00391* 


v  «  1.9^"  ♦  2500  p  «  1.9  v/4935  +  2500(0. 0039^) 
c  c 

*  142  psi 


v  ■  v  -  v  *  306  -  142  ■  164  psi 
uh  c  * 


Required  Cross-Sectional  Area  of  Lacing  Reinforcement 


For  #5  lacing  bars, 


d  »  2' 

4 


4  -  2^1.375  -  ■  21.575  in 


2R,  ♦  D 
l  o 


0  7(0.625! 

r  sort1' 


»  0.200 


r  ■  S?#  ■  °-50‘’ 


a  «  50.5  (Figure  b-19  of  Ref.  B-l) 
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v  b  o 

\  (re<i  ^  “  f  ^ain  a  ♦  cos  a) 

s 


lbMlO.13)  (19.86)  ,  o  cot  4 

7a,990|0.?72  +  0.436)  0,297  8q*  in* 


Av(proyided)  *  0.31  sq.  in.  >  Ay  (req’d) 


Note:  The  lacing  reinforcement  provided  is  greater  than  that 

required  for  both  sectors  I  arid  II,  and  therefore,  a  shear 
failure  will  not  occur  and  the  ultimate  dynamic  flexural 
resistance  can  be  fully  developed. 


8.  Ultimate  Unit  Dynamic  Resistance  of  Receiver  Panel 

The  ultimate  dynamic  resistance  of  the  receiver  panel  is 
calculated  in  the  same  manner  as  the  static  resistance  except  that 
dynamic  concrete  and  reinforcement  stresses  are  used. 

The  maximum  deflection  of  the  panel  13  leas  than  that 
corresponding  to  two  degrees  support  rotation.  Therefore,  the 
reinforcement  is  stressed  within  the  post-yield  range  and  +he  con¬ 
crete  remains  effective  in  resisting  moments.  The  static  yield 
stress  and  the  static  ultimate  compressive  strength  of  the  concrete 
were  multiplied  by  their  respective  dynamic  increase  factors  to 
obtain  the  dynamic  reinforcement  and  concrete  stresses,  respectively. 

Dynamic  Stresses  for  Concrete  and  Reinforcement 

Maximum  De flection  of  Panel 


The  maximum  deflection  of  the  receiver  panel  is  estimated 
from  Figure  B-13. 

X  **  3.0  in. 

m 

Panel  Rotation  at  Supports 

The  support  rotations  for  the  dynamic  action  of  the  panel 
are  approximated  by  considering  the  yield  line  locations  which 
were  determined  for  the  static  resistance  of  the  panel. 

ev  -  ‘“""(r)-  ‘"^(sr)*  u68° 
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°n  tan’1  (Mt)-1-32° 

Static  Stresses  {Table  13-3) 

Reinforcement 

f  (No.  7  bars)  ■  65,140  psi  *  65.14  ksi 
s 

f  (No.  9  bars)  »  73,700  psi  »  73.7  ksi 
s 

Concrete 

t  -  ^ ,935  psi  -  4,935  ksi 
c 

Dynamic  Increase  -'actors 

Reinforcement  -  DIF  “  1.093 
Concrete  -  DIF  *  1.264 

Ultimate  Dynamic  Stresses 

f (dynamic)  ■  DIF  x  f (static) 

Reinforcement 

f.  (No.  7  bars)  -  1.093  (65.14)  -  71.1  ksi 

as 

fds  (No.  9  bars)  -  1.093  (73.7)  -  60.5  ksi 

Concrete 

f .  ■  1.264  (4.935)  -  6.24  ksi 

dc 

Ultimate  Unit  Dynamic  Resistance 

Once  the  dynamic  concrete  and  reinforcement  stresses  are 
established,  the  solution  for  the  location  of  the  yield  lines  and 
the  resistance  of  the  panel  is  performed  using  the  same  general 
procedure  utilized  to  establish  the  static  resistance  of  each  panel 
and  the  dynamic  resistance  of  the  donor  panel.  Therefore,  tne 
calcitlations  are  not  shown. 


1 


Location  of  Yield  Linea 

x  -  10.89  ft  «  130.7  in 
Ultimate  Unit  Dynamic  Resistance 

ru  *  11.45  Kips/sq.  ft  ■  79.5  psi 

9.  Check  of  Sheaf  Capacity  of  Receiver  Panel 


The  shear  capacity  (diagonal  tension)  of  the  receiver  panel 
is  checked  to  verify  the  assumption  that  its  ultimate  dynamic 
flexural  resistance  is  fully  developed.  The  calculations  are  per¬ 
formed  in  the  same  manner  as  that  for  the  donor  panel  except  that 
the  yield  stress  is  used  for  the  lacing  reinforcement  since  the 
panel  responded  within  the  post-yield  range. 

Check  of  Shear  Capacity  of  Sector  I  (Figure  B-16) 

Note:  The  values  of  d  ,  p  and  o  for  Sector  I  of  the 

V  V 

receiver  panel  are  identical  to  those  for  Sector  1 
of  the  donor  panel.  Hence,  the  appropriate  cal¬ 
culations  are  omitted.  Also,  the  values  for  the 
various  moment  capacities  are  merely  stated  with 
the  calculations  being  excluded. 

Weighted  Effective  Depth 

d^  «  22.1  in 

Tote-1  Kf-^ctive  Shear  Force 

IV  -  *ru  -  [P-?  IW  1  ima](79.5) 

-  1,593,500  lb. 

Shear  per  Inch  Along  Critical  Section 


V.  .  Jvm 

VdV  ’Vn 


114,1 

i^T 


0.675 


-lU4-. 


&&  ■  0M0 


Hence, 


fro*  which 


0.675  V, 


V  ■  0.420  V 
dV  *  c  dV 


W  “  ^dV  *  ^dV  +  ^dV 


-  301.3  VdV  +  2{l6.35)(0.675  Vdy) 

♦  2(18. 9)(0. 420  Vdy) 

-  339.2  VJW 


.  i-^00  .  ,700  lbl/lD 


Maximum  Shear  Streaa  at  Critical  Section 


sr  "  iJrkij  •  2X3  p-1 


Ultimf  Shear  Strtu  of  Concrete 


p  »  p  •  0.0042a 
r 


t  -  1.9  JF  ♦  2500p  - 

c  c 


1.9  v/4935  ♦  2500(0.00428) 


144  pel 


Shear  Heeiated  by  Lac in*  Re i afore 


V  ■  T  ■ 

UV  c 


213  -  144 


69  p*i 


Required  Cross  -  Sectioned  Area  of  Lacing  Reinforcement 


For  the  receiver  panel,  f  ■  f  *  71,990  psi  (Table  B-3) 

ay 

and  for  05  lacing  bars,  a  **  1+7° 


ft 


A  (req’d)  »  - — r—r -  r—  ""’~T 

v  f  (sin  a  +  cos  a) 


69  (10.13) (20.26) 
71,990  (0.731  +  0.682) 


0.139  sq  in 


Ay  (provided)  ■  0.31  sq  in  >  Ay  (req'd) 


Check  of  Shear  Capacity  of  Sector  II  (Figure  B-17) 

The  analysis  for  determining  the  shear  capacity  of  Sector 
II  is  similar  to  that  of  Sector  I. 


Rote:  The  values  of  dv,  py  and  a  fob  Sector  II  of  the  receiver 

panel  are  identical  to  those  for  Sector  II  of  the  donor 
panel.  Hence,  the  appropriate  calculations  are  omitted. 
Also,  the  values  for  the  various  moment  capacities  are 
mrrely  stated  v*t,h  the  calculations  being  excluded. 

Weighted  Effective  Depth 

d  ■  21.0  in 

v 


Total  Effective  Shear  Force 


EV 


Shear  per  Inch  Along  Critical  Section 


351,500  lbs. 


If 

vd.< 

II 

MKH 

66.1 

"  mkn 

160.2 

it 

VdH 

-  0.lil3 

VdU 

-140- 

0.U13 


IV  *  I  V  +  £  V" 

dH  dH 


61.5  V 


dH 


W  Vdl(  ♦  32.6  (0.613  vy 


zv 


'dH  ’  5175 


.  5715  lba/in 


Maximum  Shear  Stress  at  Critical  Section 

„  .  !aa  .  ms__  ,  272  FI1 

uH  bd  1(21.0)  '  F 


Ultimate  Shear  Stre*s  of  Concrete 


p  ■  p  ■  0.0039^ 


v  -  1.9  x/f7  +  2500  p  «  1.9^935  +  2500 ( 0.0039*0 
c  c 

-  1U2  psi 

Shear  Restated  by  Lacing  r einforcenent 


v'  -  v  u  -  v  ■  272  -  1U2  ■  130  p8i 

uH  c 


Required  Croaa-Sectlonal  Area  of  Lacing  Reinforcement 

For  #5  lacing  bars,  a  ■  50.5° 

v '  b  a 
T1 


\  K r*^  d  ^  "  f  (sin  a  ♦  cos  a) 


.  .  -  0  253  so  in 

71,990  To.  77  2  +  0,(?3<>)  * 


Ay  (provided)  *  0.31  sq  in  >  Ay  (req'd) 
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note:  Ttie  lacing  reinforcement  provided  is  greater  than  that 

required  for  both  sectors  I  and  II t  and  therefore,  a  shear 
failure  will  not  occur  and  the  ultimate  dynamic  flexural 
resistance  can  be  fully  developed. 


puivalent  Dynamic  Resistance  -  Deflection  Curve 
for  Donor  Panel 


In  this  ana’ysis  the  equivalent  dynamic  resistance  -  de¬ 
flection  curve  is  considered  to  describe  the  dynamic  response  of  the 
donor  panel  rather  than  the  actual  resistance-deflection  curve.  The 
use  of  the  equivalent  curve  greatly  reduces  the  amount  of  calculations 
necessary  to  obtain  the  flexural  impulse  capacity  of  the  panel. 

The  parameters  required  to  describe  ♦he  equivalent  dynamic 
curve  are  the  ultimate  dynamic  unit  resistance  (r  ),  the  maximum 
equivalent  elastic  deflection  (X  )  and  the  maximuM  deflection  (X  ) 
of  the  panel.  The  ultimate  dynamic  unit  resistance  is  an  averagS 
value  which  includes  the  effect  of  straining  hardening  in  the  flex¬ 
ural  reinforcement  and  has  been  previously  calculated.  The  dynamic 
maximum  equivalent  elastic  deflection  was  obtained  from  consideration 
of  the  static  resistance  -  deflection  curve  (Figure  B-10)  since  the 
stiffness  of  the  panel  does  not  change  for  static  and  dynamic  load¬ 
ings.  Lastly,  the  maximum  deflection  (X  )  of  the  panel  was  estimated 
from  the  deflection-time  history  obtained  from  Round  No.  2  (Figure 
B-13)  and  the  measured  permanent  deflections  of  Round  Nos.  1  and  2 
(time  history  records  of  Round  No.  1  were  not  obtained  due  to  a 
malfunction  of  the  electronic  gages). 


The  measured  permanent  deflection  of  the  donor  panel  was 
shown  on  the  resistance-deflection  curve  (Figure  IM.6)  for  com¬ 
parative  purposes.  This  deflection  is  smaller  than  what  would 
normally  be  expected  since  the  elastic  rebound  portion  of  the 
resistance-deflection  curve  usually  has  the  same  stiffness  as  the 
initial  elastic  portion  of  the  curve.  However,  in  the  case  of  the 
bay  structure  (single  cell  arrangement ) ,  rotations  which  occurred 
at  both  intersections  of  the  bach  and  side  walls  distorted  the  un¬ 
loading  portion  of  the  curve.  This  dissimilarity  between  the  two 
portions  of  the  curve  would  not  occur  when  sufficient  mass  to  prevent 
rotation  is  provided  by  adjoining  cells  in  multi-cubicle  arrangements. 


:ui valent  Elastic  Deflection 


Since  the  stiffness  of  the  penel  is  the  sane  under  static 
and  dynamic  loadings: 


-lUb- 


r  (dynamic ) 

XE  (dynamic)  -  fU  Static  I"  XE  (static) 
u 

where  from  previous  calculations: 

ry  (dynamic)  ■  ti9.5  psi 

r  (static)  *  72. k  psi 

u 

X„  (static)  *  0.51t>  in 
E 


Equivalent  Dynamic  Resistance-Deflection  Curve 

The  equivalent  dynamic  reaiatance-deflection  curve  for  the 
donor  panel  is  shown  in  Figure  3-ld. 


11. 


As  was  the  case  for  the  donor  panel,  the  equivalent  dynamic 
resistance-deflection  curve  is  considered  to  describe  the  dynamic 
response  of  the  receiver  panel  rather  chan  the  actual  resistance- 
deflection  curve.  The  equivalent  curve  for  the  receiver  panel  is 
obtained  in  the  same  manner  as  that  for  the  donor  panel. 

Dynamic  Equivalent  Elastic  Deflection  (X.,) 


luivalcnt  Dynamic  Resistance  -  Deflection  Cta  ve 


Resistance 


^RECEIVER  PANEL 


FICURE  13— 16 

EQUIVALENT  RESISTAiJCE-L'EFUJC'riOH  CURVES  FOR  EACH  PANEL  OF  MCK  WALL 


r  (dynamic)  ■  79.5  psi 


r  (static)  ■  72. h  psi 

u 


Therefore , 


Xr  (oc^ic) 

tu 


X^,  (dynamic) 


0.516  in 


ru  (dynamic)  (  t  tic) 
ru  (static)  E  v  *  ' 

(0.516)  -  0.567  in 


Maximum  Deflection  (X  ) 

"  . . .  . . . 11  ci— 


m 


3.0  in  (estimated  from  Figure  B-13) 


Permanent  Deflection 


X  *  1.25  in  (obtained  from*pre-  and  post-shot 

^  measurements) 


Equivalent  Dynamic  Heslstance-Def lection  Curve 

The  equivalent  dynamic  resistance-deflection  curve  for  the 
receiver  panel  is  shown  in  Figure  &-18. 

12.  Effective  Mass  for  Each  Panel 


The  value  of  the  mass  used  in  the  equation  of  muiion  is 
equal  to  the  actual  mass  only  if  all  particles  of  the  masa  n&ove  as 
a  unit.  For  each  panel  of  the  back  wall  the  motion  of  the  particles 
of  mass  varies  along  the  length  of  the  panel  in  both  the  vertical 
ard  horitontal  directions.  Therefore,  each  ,-anel  has  an  infinite 
number  of  degrees  of  freedom  since  an  infinite  number  of  independent 
displacement  variables  are  needed  to  specify  completely  the  con¬ 
figuration  of  the  system.  However,  the  equstion  of  motion  of  a 
single  particle  may  be  used  if  the  actual  mass  is  replaced  by  an 
effective  mass,  that  is,  the  mass  of  ar.  equivalent,  single-degree— of- 
freedom  system  In  which  a  single  displacement  variable  X  is  suffi¬ 
cient  to  describe  its  motion. 

The  effective  mass  (a  )  of  the  equivalent  singlc-degree-of- 
freedoa  system  is  related  to  the  unit  mass  (m)  of  the  actual  system  by 

\  ■  ltlH* 
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where  K.  is  the  load-mass  factor  determined  by  equating  the  work 
done,  strain  energy  and  kinetic  energy  of  the  actual  system  to  that 
of  the  equivalent  system. 

The  value  of  the  effective  mass  is  dependent  upon  the  de¬ 
flected  shape  of  the  panels  which  varies  with  the  type  of  spanning, 
end  conditions,  etc.  Therefore,  the  effective  mass  is  different  in 
the  elastic,  elasto-plastic ,  and  plastic  ranges  of  behavior.  The 
load-mass  factors  in  the  elastic  and  elasto-plastic  ranges  of  re¬ 
sponse  of  the  panels  are  obtained  from  Table  6-1  of  Reference  B-l 
and  are  then  averaged  <.j  obtain  the  average  load-mass  factor  for  the 
equivalent  elastic  range  of  the  panels  (Figure  B-18  for  deflection 
range  o  <  X  i  L),  The  load-mass  factor  for  the  plastic  range  of 
response  (Figure  B-l 8  for  deflection  range  <  X  &  X  )  is  obtained 
from  Figure  6-5  of  Reference  B-l  for  the  known  yield  line  location 
of  each  panel. 

Actual  Unit  Mass  of  Each  Panel 

The  mass  of  each  panel  of  the  wall  is  assumed  to  consist  of 
the  mass  of  one-half  the  sand  fill. 

Unit  Weight  of  Concrete  and  Sand  for  Each  Panel 

Thickness  of  Concrete  Panel  «  T  “  2  ft 

c 

Thickness  of  Sand  «  T  /2  *  2  ft 

8  3 

Density  of  Concrete  “  w  -150  lb/ft 

c  3 

Average  Density  of  Sand  *  vg  *  85  lb/ft 

w  *  w  +  w  »  2(150)  +  2(85)  *  1*70  lb/sq.ft 
c  s 

Actual  Unit  Mass  of  Each  Panel 

m  *  — •  »  ■  l4.6  lb-sec  /ft  *  8U5O  lb— ms  /in 

S  32  •  2 

Effective  Unit  Mass  of  *-ach  Panel  for  Equivalent  Elastic  Range  (m.J 


Load-Mass  Factor 

From  Table  6-1  of  Reference  B-l  for  t^ree  edges  supported 
and  one  edge  free,  and  L/H  i.  2  (actual  L/H  ■  4.5): 

Elastic  Range  (all  edges  fixed)  »  *  0,65 
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First  Elasto-Plastic  Range  (tvo  edges  simple,  other 
edge  fixed)  -  KTU  ■  0.65 

liM 

Second  Elasto-Plastic  Range  (all  edges  simple)  - 
^  "  °‘66 


Therefore,  the  average  load-mass  factor  for  the  equivalent 
elastic  range  is 

K  *  rr  (0.65  ♦  0.65  +  0.66)  -  0.653 
i*M  3 

Effective  Unit  Masa  (m^,) 

»K  ■  m  -  0.653(8450)  -  5520  lb-ms2/in3 
Effective  Unit  Mass  of  Each  Panel  for  Plastic  Range  (m^) 

Load  Mate  Factor 


The  location  of  the  yield  lines  for  both  panels  is  given  by 


Therefore,  from  Figure  6-5  of  Reference  B~1  for  three  edges  supported 
and  one  free,  and  x/L  ■  0.303 

“lm  -°-577 


Effective  Unit  Mass  (m  ) 

- — sas - x-p- 

fflp  «  m  ■  0.577(6450)  ■  4880  lb-ms?/in3 


13.  Unit  Flexural  Impulse  Capacity  of  Donor  Panel 

The  unit  flexural  impulse  capacity  of  an  element,  if  the 
time  for  the  element  to  reach  its  maximum  deflection  (t  )  is 
greater  than  three  times  the  duration  (t  )  of  the  applied  load  but 
where  the  support  rotations  are  equal  to°or  less  than  5  degrees  in 
which  case  the  elastic  and  elaato-plastic  ranges  of  behavior  of  the 
element  must  be  taken  into  account,  is  given  by  Equation  6-23  of 
Reference  B-l: 
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where  p>  is  the  average  of  tne  effective  masses  for  the  equivalent 
elasticaand  plastic  ranges  of  behavior.  Since  the  average  effective 
mass  is  used,  the  above  equation  assumes  that  the  blast  load  is 
applied  to  the  element  during  its  elastic,  elasto-plastic  and 
plastic  ranges  of  response. 

For  the  problem  at  hand,  the  support  rotations  of  the  donor 
pai  el  have  previously  been  established  to  be  less  than  5  degrees 
and  it  will  be  shown  that  the  response  time  (t  )  is  less  than  three 
times  the  load  duration.  However,  the  blast  load  is  applied  only 
during  the  elastic  and  elasto-plastic  ranges  of  behavior  of  the 
donor  panel.  Therefore,  the  above  equation  is  used  to  obtain  the 
flexural  4 ’"pulse  capacity  of  the  panel  but  the  average  effective 
mass  (m  )  is  replaced  by  the  effective  equivalent  elastic  mass 
(ra^,).  ft  should  be  noted  that  using  the  average  effective  mass  in 
the  above  equation  is  conservative. 

Verification  of  Assumptions 


Comparison  of  Response  Time  (t^)  to  Load  Duration  (t^) 

t  ■  22.3  ms  (from  Figure  B-13  for  X  »  6.1  in) 
m  m 

t  *  b.37  ms  (from  Section  B.2) 


m  22.3  c  , 

r  ■  if#  5-j 


Note:  Since  t  >3t  ,  the  wall  panel  must  be  analyzed  for 
an  impulse  lSading. 

Comparison  of  Time  to  Reach  Ultimate  Resistance  (t  )to  Load 

Duration  (t  )  ■  p-  — 

1  1  *,l~0  ™ 1 

The  deflection  at  which  the  panel  reaches  its  ultimate 
dynamic  resistance  (end  of  elas c.o-plastic  range  of  behavior)  is: 


Xp  (dynamic )  .  Xp  (.t.tic)[ 


0.695  1.11  in. 
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and  from  Figure  B-l4: 

t.  -  4.70  ms 

P 

Therefore* 


Note:  Since  t  <  t  ,  the  blast  load  is  applied  only  during 
the  elastic  a&d  elasto-plastic  ranges  of  behavior  of 
the  panel. 


Unit  Flexural  Impulse  Capclty  of  Donor  Panel 


From  previous  calculations : 


BLp  «  5520  lb-ms2/in3 

*  p  •> 

-  4880  lb-ms  /in 
ru  -  89.5  psi 
XK  -  0.638  in 

X  »  6.1  in 

Ul 


nu 

+  ~  r  (X 
m  urn 

P 


■  2(5520)[  ♦ 

■  6,42  x  10^  (psi-ms)2 


(09.5X6  1 


Therefore , 

iQ  ■  2530  psi-ras 


14.  Unit  Flexural  Impulse  Capacity  of  Receiver  Panel 

The  unit  flexural  impulse  capacity  of  the  receiver  panel  is 
obtained  in  the  same  manner  as  that  for  the  donor  panel. 
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Verification  of  Assumptions 

Comparison  of  Response  Time  (t^)  to  Load  Duration  (t^) 

ta  “  24.3  -  7,0  ■  17«3  ms  (from  Figure  B-13  for  X  ■  3.0} 

m 

t0  ■  4.37  ms  (from  Section  B.2) 


r  “  *  3,96 


Note;  Since  t  >  3  t  ,  the  wall  panel  must  be  analyzed  for  an 
impulse  ioadin§. 

Comparison  of  Time  to  Reach  Ultimate  Resistance  (t  )  to  Load 

Duration  (t^) 


Xp  (dynamic)  -  Xp  Ut.tic)[ 

■  0.895  -  O.983  in 

tp  -  15.2  -  7.0  ■  8.2  ms  (from  Figure  S~l4) 


t 

o 

t 

P 


0.533 


Note:  Since  t  <  t  ,  the  blast  load  is  applied  only  during 
the  elastic  an d  elasto-plastic  ranges  of  behavior  of 
the  pa.. el. 


Unit  Flexural  Impulse  Capacity  of  Receiver  Panel 
From  previous  calculations: 

»  5520  lb-os2/ in3 

a  -  4880  lb~ms2/in3 
P 

ru  •  79.5  psi 

Xg  -  O.567  in 

X  -  3.0  in 

18 
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2nu[  +  —  r  (X  -  X  )  1 

i,  L  2  m  u  m  £  J 

P 

2(5520)  [ 4IMH2a#U  +  (T9. 5)(3.0  -  0.567)] 


Therefore, 


2.66  x  10^  (psi-ms)^ 


1630  pai-m* 


Lae  Capacity  of  Bock  Wall 


The  total  blast  impulse  load  that  the  back  vail  is  capable 
of  resisting  consists  of  those  impulses  resisted  by  the  flexural 
action  of  the  concrete  panels,  the  impulse  attenuation  due  to  dis¬ 
persion  of  the  blast  vm«re  in  the  concrete  and  sand,  and  the  Impulse 
absorbed  by  the  compression  of  the  sand  fill.  The  impulse  capacity 
of  the  concrete  panels  has  already  been  obtained  vhlle  the  impulse 
absorbed  by  dispersion  and  compression  of  the  sand  fill  is  deter¬ 
mined  from  Figure  B-19  (reproduced  from  Figure  b-30  of  Reference 
B-l). 

Scaled  Unit  Flexural  Impulse  Capacity  of  Each  Panel 


Donor  Panel 


-2530-  . 

(2120),/3 


197  psi-ms/lb'73 


Receiver  Panel 


(2120  ),/3 


127  psi-ms/lb1'5 
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Scaled  Unit  Impulse  Attenuated  By  Dispersion  and  Absorption  Through 

Sand  Compreaalon 


Scaled  Thickness  of  Concrete  and  Sand 


Concrete  -  — —  ■  -  ■  0.156  ft/lb1^3 

W,/3  (2120)l/3 

T 

Sand  -  —  -  - - -  -  0.311  ft/lb,/3 

wl/5  {2120),/3 


Scaled  Unit  Impulse  Attenuated  by  Dispersion  and  Absorption 

With  the  use  of  the  scaled  unit  flexural  impulse  capacity 
of  the  receiver  panel  and  the  scaled  thickness  of  the  concrete  and 
sand,  the  \ulue  of  i  ,  which  includes  the  impulse  attenuted  by 
dispersion  in  the  concrete  and  sapd,  and  by  absorption  through  com¬ 
pression  of  the  sand  fill  as  veil  as  the  impulse  capacity  of  the 
receiver  panel,  is  determined  from  Figure  B-19.  Therefore, 

I  ■  275  psi-ma/lb,/3(fn»  Figure  B-19) 

r  -  r  .  r  «  275  - 127  ■  im  psi-«s/ib,/3 

A  a  n 

where  i  ■  scaled  unit  impulse  attenuated  by  dispersion  in  the 
concrete  and  sand,  and  by  absorption  through  compression  of  the 
sand  fill. 


Scaled  Unit  Impulse  Capacity  of  the  Back  Wall 

The  scaled  unit  impulse  capacity  (i  )  of  the  back  vail  ia 
the  sum  of  the  scaled  impulse  resisted  by  the  flexural  action  of 
the  donor  and  receiver  panels  (T_  and  respectively)  and  the 
scaled  impulse  attenuated  by  dispersion  and  absorption  (i^). 

r  ■  r  ♦  t  ♦  r_  -  197  ♦  iw  ♦  127 

C  1/  A  H 

»  472  psi-ms/lbl/3 

Notes  „  (/- 

i  •  472  •  iv  -  ^5  psi-«s/lb'/3(  Sect  ion  B.2) 

C  D 
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NOMENCLATURE 


a 


A 

A 


b 

b. 


c 

d 


V 

o 

OIF 


v 

"c 

E 

3 

f 

a 


f ' 
c 


r 

“ds 


f 

9 

f 

y 

r 

u 

p 


(1)  ac deration 

(2)  depth  of  equivalent  rectangular  stress  block 
area  of  sector 

area  of  tension  reinforcement  within  a  width  b 

total  area  of  lacing  reinforcement  in  tension  within  a  dis¬ 
tance  3,  and  a  width  b, 
i  l 

width  of  compression  face  of  flexural  member 

width  of  concrete  strip  in  which  the  diagonal  tension  streeses 
are  resisted  by  lacing  of  area  Ay 

centroidai  distance 

distance  from  extreme  compression  fiber  to  centroid  of  ten¬ 
sion  reinforcement 

distance  between  centerlines  of  adjacent  lacing  bends  measured 
normal  to  flexural  reinforcement 

weighted  d 

nominal  diameter  of  reinforcing  bar 

dynamic  increase  factor 

modulus  of  elasticity  of  concrete 

modulus  of  elasticity  of  reinforcement 

average  stress  of  reinforcement 

etatic  ultimate  compressive  strength  of  concrete 

dynamic  ultimate  compressive  strength  of  concrete 

dynamic  stress  of  reinforcement 

static  stress  of  reinforcement 

static  yield  stress  of  reinforcement 

static  ultimate  stress  of  reinforcement 

(1)  total  applied  blast  force 

(2)  coefficient  for  moment  of  inertia  of  cracked  concrete 
section 

acceleration  due  to  gravity 

height  to  c inter  of  char me  above  floor  slab 

(1)  spar,  height 

(?)  distance  between  reflecting  surface  (floor  slab)  and  free 
edge 
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i 

a 


D 


I 

I 

a 

I 

c 


K.E. 

I 

L 


m 

m 

e 

"E 

Q 

P 

M 


M* 

M" 

:1N 

*s 

Mu 

n 

!» 


*v 

P.fc. 


r 

e 


r 

«P 

r 

u 


unit  impulse  attenuated  by  concrete  and  sand  plus  impulse 
capacity  of  receiver  panel 

unit  impulse  attenuated  by  concrete  and  3and 

unit  blast  impulse 

unit  flexural  impulse  capacity  of  donor  panel 
unit  flexural  impulse  capacity  of  receiver  panel 
total  impulse 

average  of  gross  and  cracked  moments  of  inertia  of  width  b 
moment  of  inertia  of  cracked  concrete  section  width  b 
moment  of  inertia  of  gross  concrete  section  of  width  b 
load-mass  factor 
kinetic  energy 

charge  location  relative  to  vertical  reflecting  surface 

(1)  span  length 

(2)  distance  between  reflecting  surfaces  (side  walls) 
unit  mass 

effective  unit  mass 

effective  unit  mass  for  equivalent  elastic  . ange 
effective  unit  mass  for  plastic  range 

(1)  moment  capacity  of  #9  bars  in  mid  strip 

(2)  total  mass  of  equivalent  single-degree-of-freedom  system 

moment  capacity  of  #9  bars  in  comer  strip 

moment  capacity  of  #7  bar :  in  corner  strip 

negative  moment  capacity 

positive  moment  capacity 

ultimate  women i  capacity 

modular  ratio 

number  of  adjacent  reflecting  surfaces 
weighted  percentage  of  reinforcement 
potential  energy 
♦  \stic  unit  resistance 
elasto-plaatic  unit  resistance 
ultimate  unit  resistance 
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(1)  slant  distance  betveen  charge  and  vail 

( 2 )  total  internal  resistance  of  structural  element 

normal  di^'ance  betveen  charge  and  vail 
radius  of  lacing  bend 
ultimate  resistance 
resistance  at  yield 

spacing  of  lacing  in  the  direction  parallel  to  the  longitu¬ 
dinal  reinforcement 

arrival  time  of  blast  vave 

time  at  vhich  maximum  deflection  occurs 

duration  of  positive  phase  of  blast  pressure 

time  to  reach,  ultimate  resistance 

time  to  reach  yield 

thickness  of  concrete  section 

thickness  of  sand  f.ll 

velocity 

shear  stress  resisted  by  lacing  reinforcement 

ultimate  shear  stress  permitted  on  an  unreinforced  concrete 
veb 

shear  stress  at  critical  section 
snear  in  the  mia  strip 

shear  corresponding  to  moment  capacity  of  #9  bars  in  the 
corner  strip 

shear  corresnonding  to  moment  capacity  of  V”  bars  in  the 
corner  strip 

unit  shear  force  at  critical  section 

veight  density  of  concrete 

veight  density  of  sand 

charge  veight 

yield  line  location 

deflect''  on 

acceleration  oi  the  mass 
elastic  deflection 
'•quivaient  elastic  deflection 


V 

ii 


elasto-plastic  deflection 

X  maximum  deflection 

a 

X  plastic  deflection 

Xp  permanent  deflection 

Xy  deflection  at  yield 

Z  scaled  slant  distance  between  charge  and  vail 

2^  scaled  normal  distance  between  charge  and  wall 

a  angle  formed  by  the  plane  of  lacing  reinforcement  and  the 

plane  of  the  longitudinal  reinforcement 

0  coefficient  for  determining  elastic  and  elasto-plastic  re¬ 

sistances 

y  coefficient  for  determining  elastic  and  elasto-plastic  de¬ 

flections 

e  strain 

l  strain  rate 

0  support  rotation  angle 

v  Frisson's  ratio 
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